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RESUMDO

A alcool desidrogenase ¢ uma familia génica classicamente conhecida como
pertencente a via glicolitica, dimérica em animais e plantas, mas tetramérica em fungos e
alguns invertebrados. A proteina ADH (4lcool desidrogenase) possui dois dominios
principais: o dominio de ligacdo da coenzima, formado por um motivo estrutural
conhecido como Rossman fold (seis fitas betas paralelas ligadas por alfa hélices); e o
dominio catalitico. Analises filogenéticas mostraram que essa familia estrutura-se
formando trés clusters principais, correspondentes a sequéncias de animais, plantas e
fungos. As classes 1 e 2 de ADH de Caenorhabditis elegans agruparam-se proximas ao
cluster monofilético das ADHs de fungos, muito provavelmente porque também sao
tetraméricas. Em animais e plantas, houve a formagao de clados de acordo com o tipo de
ADH, ja em fungos os agrupamentos devem-se ao tipo de ADH e género do organismo. O
padrao de evolugdo dessa familia génica pode ser explicado através do modelo por
nascimento e morte. Estudos tedricos de divergéncia funcional conduzidos nos trés grupos
de organismos previamente citados indicaram os sitios que, provavelmente, estdo
submetidos a processos de surgimento de novidades funcionais apds a duplicagdo génica.
As regides onde foram encontrados os maiores numeros de aminoacidos divergentes
incluem a regido de ligagdo do segundo atomo de zinco, o segmento de interagdo entre os
mondmeros € o sitio ativo. Foram construidos dezessete modelos da estrutura
tridimensional de ADH em plantas pertencentes a quatro familias botanicas, a partir da
modelagem molecular comparativa. Os residuos funcionalmente divergentes foram
localizados nas estruturas modeladas, tendo sido também encontradas diferencas no

potencial eletrostatico e no pl (ponto isoelétrico).




ABSTRACT

Alcohol dehydrogenase (ADH) is a gene family known to function in the glycolytic
pathway, being dimeric in animals and plants, but tetrameric in fungi and some
invertebrates. This protein presents two main domains: one which binds to the coenzyme,
formed by a structural motif known as Rossman fold (six parallel beta sheets connected by
alpha helices); and the catalytic domain. Phylogenetic analyses showed that this family is
structured in three main clusters, corresponding to animal, plant, and fungi sequences.
Caenorhabditis elegans ADHs 1 and 2 are placed near the fungi ADH monophyletic
cluster, probably because they are also tetrameric. In mammals and plants clade formation
occurs by ADH type, while in fungi it follows ADH type and organism genera. The
evolutionary pattern of this gene family can be explained by the birth and death model.
Theoretical functional divergence studies conducted in the three previously cited groups of
organisms indicated the sites that probably are being submitted to processes involving the
emergence of functional novelties after gene duplication. The largest numbers of sites of
divergent amino acids were found in the second zinc binding region, the monomer
interacting segment, and the active site. Seventeen models of ADH tridimensional structure
in plants from four botanical families were built by Comparative Molecular Modeling. The
functionally divergent residues were located in the modeled structures and electrostatic and

pl (isoelectric point) differences found.




CAPITULO 1

INTRODUCAO




Evolucdo Molecular de Familias Multigénicas

O modelo da estrutura do DNA proposto por Watson e Crick em 1953 propiciou a
descoberta de como os genes sdo copiados e passados através das geragdes. Nas cinco
décadas seguintes, a biologia molecular foi utilizada com o proposito de elucidar os
mecanismos envolvidos na duplicacdo, transcri¢do e tradugdo génicas, levando a grandes

avancos na biologia, genética e medicina (Clayton e Dennis, 2003).

Os genes e suas regides regulatérias sofrem uma variedade de modificagdes,
incluindo substituigdes nucleotidicas, duplicacdes, recombinagdes ¢ eventos de reparo
(Liberles, 2001). Recentemente, o sequenciamento de genomas em diferentes organismos
modelo indicou claramente que as duplicagdes génicas sdo mecanismos importantes para a
criacdo de novos genes e sistemas genéticos, levando a uma rapida diversificagdo de
reacOes catalisadas enzimaticamente, elementos regulatorios complexos e padrdes de
desenvolvimento, além de serem responsaveis pelo aumento no tamanho do genoma (Nei,

2005; Gogarten e Lorraine, 1999; Ohta, 1987).

Hé dois mecanismos principais de producao de genes duplicados: (1) a duplicacao
do genoma e (2) a duplicagdo génica in tandem. A duplicagdo do genoma ndo
necessariamente duplica o niimero de genes funcionais, ja que alguns sdo silenciados ou
perdidos. Acreditava-se que era a forma mais eficiente de aumentar o numero de genes no
genoma, uma vez que tanto regides regulatorias quanto codificadoras sdo duplicadas. Ao
contrario do que se pensava, as duplicacdes in tandem nao possuem nenhuma desvantagem
relativamente as gendmicas. Podem produzir centenas de genes se um longo tempo
evolutivo for considerado, como nos casos dos genes que codificam os receptores olfativos

(Nei, 2005; Niimura e Nei, 2003). As duplicagdes génicas podem ser classificadas de



acordo com a extensdao da regido gendmica envolvida. A duplicacdo génica completa
produz duas copias idénticas e estas sequéncias podem evoluir de diferentes formas: uma
das copias pode originar um pseudogene por apresentar mutacdes deletérias
(pseudofuncionalizagdo); ou ambas podem ser retidas. A preservacdo pode levar a
persisténcia das duas copias com similaridade de sequéncias, a subfuncionaliza¢dao (onde
cada copia adota algumas das caracteristicas do ancestral) ou a neofuncionalizagao
(quando um gene mantém a fungdo original, enquanto o outro adquire uma nova fun¢ao)

(Gonzalez-Duarte e Albalat, 2005).

A redundancia genética, caracteristica presente em todos os genomas estudados até
0 momento, aumenta de acordo com o aumento do tamanho e da complexidade do genoma.
Tanto regides codificadoras e, particularmente, as regides nao-codificadoras sao
amplificadas, sendo que as ultimas correspondem a maior por¢do em vertebrados,
equivalendo a aproximadamente 95% de todo genoma humano (Santamaria et al., 2004). O
genoma de mamiferos contém cerca de 20.000 pseudogenes (Podlaha e Zhang, 2004),
nimero semelhante ao de genes funcionais (cerca de 23.000). H4 evidéncias de que
pseudogenes evoluam para genes regulatorios, muito conservados, tal como ocorre com o
transcrito do pseudogene Makorinl-pl de rato, que regula a estabilidade do transcrito
paralogo Makorinl. O Makorinl-pl possui fungdo bioldgica e evolui lentamente

(Hirotsune et al., 2003; Podlaha e Zhang, 2004; Nei, 2005).

Em regides codificadoras, os genes podem ser duplicados ou retrotranspostos
criando genes paralogos que se agrupam em familias. Genes que possuem a mesma origem
sdo chamados homologos, podendo ser classificados em ortélogos, se sua divergéncia é

devido a especiagdo, ou paralogos, se eles se originaram da duplicagdo génica. Alguns



pardlogos podem manter a mesma fungdo que o gene ancestral, enquanto outros podem
adquirir novas fungdes (Doyle e Gaut, 2000). Assim, a redundancia génica ¢ um
importante mecanismo na evolucdo, criando inovagdes. Neste cendrio, o entendimento das
fungdes especificas de cada membro de uma familia génica, bem como a comparagdo das
mesmas entre as varias espécies, constitui um problema altamente relevante (Santamaria et

al., 2004).

Nos genomas de eucariotos ha numerosas familias génicas, de pequenas a grandes,
com numero uniforme ou variavel de membros. Pesquisas sobre familias multigénicas,
familias formadas por multiplos genes de origem comum que codificam produtos de
funcdo idéntica ou similar derivadas uma da outra através de duplicagdo génica e
subsequente divergéncia, comecaram na década de 1970, impulsionadas pela curiosidade
de saber como a variabilidade genética gerada em um individuo ou existente em uma
populagdo estd relacionada a redundancia génica. O niimero e tamanho dessas familias
variam enormemente de um organismo a outro (Rubin et al., 2000). Na maior parte dos
genomas sequenciados até o momento, as familias contém poucos membros (dois a cinco),
mas ha exemplos de familias com mais de 50-100 membros. As maiores familias
envolvidas em fungdes celulares criticas, como genes ribossomais ¢ RNA transportador
mostram pouca heterogeneidade de sequéncias, contrastando com aquelas envolvidas em
respostas versateis do organismo a mudangas ambientais, como 0s genes transportadores
em Escherichia coli (Blattner et al., 1997), os antigenos de superficie de Mycobacterium
tuberculosis (Cole et al., 1998) e de Plasmodium (Su et al., 1995; Mercereau-Puijalon et
al., 2002) e receptores olfativos em eucariotos (Li et al., 2001). As familias multigénicas
constituem uma parte significativa do contetido do genoma de bactérias, arqueobactérias e

eucariotos (Klenk et al., 1997; Rubin et al., 2000; Li et al., 2001).
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A homologia de sequéncia entre membros de uma familia multigénica depende
principalmente da taxa relativa de ocorréncia de mutacdes e eventos ilegitimos de
crossing-over, além de ser influenciada em alguma extensdo pela sele¢do natural e deriva
genética (Wagner, 2002; Ohta, 2003). Além disso, genes pertencentes a uma familia
multigénica estdo, usualmente, sob o mesmo controle regulatério. Portanto, ¢ interessante

estudar como diferentes padrdes de expressao sdo adquiridos.

Uma grande superfamilia pode conter genes unicos ou varias familias multigénicas.
Praticamente todos os genes estudados pertencem a alguma familia génica. A busca por
homologia tornou-se uma ferramenta importante para identificagdo das relagcdes genéticas,
assim como a analise filogenética, que ¢ ttil para o entendimento das relagdes entre os
membros de uma mesma familia, ja que arvores de genes esclarecem a historia dos eventos
de duplicagdo e fornecem informagdo para a identificacdo de ortdlogos em estudos
comparativos de genes homodlogos envolvendo varias espécies (Ohta, 2003). O nimero de
copias, a distribuicao dentro do genoma, a diversidade de sequéncia, o perfil de expressao
e abordagens comparativas, tais como comparagao de posicdes, colinearidade dos genes e
substitui¢des nucleotidicas sob efeito de pressdo seletiva em organismos relacionados sdo

informagdes Uteis para a caracterizagdo de familias multigénicas (Perovic et al., 2007).

Os membros de uma familia multigénica podem estar agrupados com repetigdes in
tandem. Esse agrupamento surge como resultado de croosing-over desigual durante a
meiose ou mitose de linhagens celulares germinativas. Exemplos s3o familias
codificadoras de histonas, RNA e superfamilia das globinas. Existem superfamilias que
apresentam membros que formam agrupamentos e outros que estdo dispersos pelo genoma.

Nesses casos, os genes agrupados, geralmente, formam familias multigénicas com fungdes

11



sobrepostas, enquanto as copias dispersas possuem fung¢des mais diversificadas. A
superfamilia das imunoglobulinas ¢ a dos receptores olfativos sdo exemplos classicos.
Finalmente, ha familias génicas que se apresentam completamente dispersas pelo genoma.
Acredita-se que surjam através de transcrigdo reversa do RNA e subsequente integragdo ao
genoma. Enquadram-se nesse caso, a argininosucinato sintetase, citocromo c¢ e B-tubulina

(Ohta e Dover, 1983).

Diferentes modelos de evolucdo tentam explicar a evolugdo de familias
multigénicas. Dentre eles, o modelo da evolugao divergente implica a divergéncia gradual
de proteinas filogeneticamente relacionadas, que posteriormente podem adquirir novas
fungdes génicas. Um segundo modelo, chamado evolu¢do em concerto, surgiu como
explicagdo para a maior similaridade das regides intergénicas codificadoras do RNA
ribossomal dentro de uma mesma espécie que entre duas espécies relacionadas (Ohta,
1985; Brown et al., 1972). Assim, nesse modelo, todos os membros de uma familia
multigénica evoluem conjuntamente, de forma que uma mutagdo espalha-se por todos os
membros da familia através de eventos de permuta ou conversdo génica (Nagylaki, 1984;
Ohta, 1984). A variagdo genética dentro da familia pode “migrar” entre diferentes copias e,
eventualmente, um alelo pode ser fixado na espécie (Mano e Innan, 2008). Esse modelo foi
utilizado para explicar a evolugdo de varias familias. Entretanto, sua aplicabilidade a
algumas familias génicas comegou a ser questionada; consequentemente, um novo modelo
chamado evolu¢do por nascimento e morte foi proposto (Nei e Hughes, 1992; Nei et al.,
1997). Nesse modelo, novos genes sdo criados por eventos de duplicagdo génica, sendo
que alguns sdo mantidos no genoma durante um longo periodo, enquanto outros sao

deletados ou tornam-se ndo funcionais. Um dos mais bem estudados casos ¢ o sistema

imune adaptativo (SIA) em vertebrados, que inclui as familias do complexo de
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histocompatibilidade (MHC), imunoglobulinas (Ig) e receptores de célula T (TCR). A
evolucdo do SIA inicialmente ocorreu através de mudangas em genes nao relacionados a
resposta imune e, posteriormente, esses genes reuniram-se para formar o sistema imune
adaptativo. Outro exemplo largamente estudado ¢ dos genes dos receptores olfativos.
Analises filogenéticas demonstraram que formam varios grupos altamente divergentes
originados por duplicagdo génica. Um importante sistema genético para o desenvolvimento
de plantas e animais é a superfamilia dos genes homeobox. E uma familia muito antiga e
compartilhada por animais, plantas e fungos. Em animais, essa superfamilia compreende
pelo menos 49 familias com diferentes papéis no desenvolvimento, como HOX
(responsavel pelo padrao corporal) e PAX6 (envolvida na formagao do olho) (Gehring e
Ikeo, 1999; Burglin et al., 1997). Em plantas, genes que codificam as proteinas regulatorias
R e MADS-box, as proteinas de choque térmico e as proteinas de ligacdo a clorofilaa e b,
entre outras, foram extensivamente estudados nos ultimos anos. A maioria dessas familias
possui diversos loci e apresenta uma grande variacdo no numero de cdpias entre as
espécies. As familias génicas em plantas variam de pequenas familias com poucos loci,
como muitas enzimas metabolicas das familias Adh e rbcS, a grandes familias com
centenas de /oci, como as proteinas de choque térmico. Analises filogenéticas indicam que
muito dessa variacdo pode ser atribuida a duplicagdes recentes. Portanto, a dindmica
evolutiva dessas familias, como detalhado acima, apresenta flutuagdes no numero de
copias através de eventos multiplos de duplicacdo e delecdo (Small e Wendel, 2000a;

Morton et al., 1996).

As familias génicas que apresentam produtos variados sdo usualmente sujeitas a
evolucdo por nascimento e morte, ja que esse modelo explica a variagdo genética. No

entanto, ¢ interessante observar que algumas familias multigénicas, tais como a de
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proteinas de choque térmico, estdo sujeitas a processos mistos de evolucao, podendo
evoluir através da evolucdo em concerto e da evolucdo por nascimento e morte. Além
disso, algumas familias evoluem segundo o modelo de nascimento e morte e estdo
submetidas a uma forte sele¢do purificadora, ao passo que outras evoluem de acordo com o

mesmo modelo submetidas a sele¢do positiva (Nei e Rooney, 2005).

Se a evolucdo em concerto € o fator principal na evolugdo de uma determinada
familia, tanto o nimero de substituigdes sindnimas por sitio sindnimo (dS) quanto o
numero de substitui¢des nao-sindnimas por sitio ndo-sindnimo (dN) precisa ser nulo, uma
vez que a evolugdo em concerto afeta os sitios sindnimos e os nao-sindnimos de forma
similar. No entanto, se a selecdo purificadora estiver atuando verifica-se um valor de ®
(dN/dS)<1,0; enquanto que um valor de ® (dN/dS)>1,0 indica a atuagdo da selegdo
positiva. No primeiro caso, as mutagdes nao-sindnimas sdo removidas por selecio
purificadora por causarem um efeito detrimental na funcdo da proteina codificada; ja no
segundo caso, a proteina esta sob efeito da selegdo diversificadora favoravel ao aumento da
diversidade de aminoacidos. Assim, o valor de ® pode dar importantes evidéncias sobre a
funcdo de um gene, além de indicar quais residuos de aminoacidos especificos sdo

funcionalmente importantes.

Divergéncia Funcional

O estudo da fungdo dos genes usando abordagens evolutivas € o objetivo da
Genomica Funcional Evolutiva (Golding e Dean, 1998). Sob o ponto de vista da genética

de populagdes, o termo fungdo pode ser quantificado como a intensidade de sele¢do (S)
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aplicada a qualquer nivel (residuos de aminoacidos, genes, etc.). Assim, a “funcao
evolutiva” ¢ definida como um parametro da genética de populagdes que contribui para o
fitness do organismo e esté relacionada a func¢do bioquimica, fenotipica ou estrutural de um
gene. Isso envolve interagdes entre moléculas e diferentes niveis de organizagdo bioldgica,
incluindo complexos moleculares, rotas metabolicas e, eventualmente, engloba individuos,
populacdes e espécies. Neste contexto, a maior contribui¢do da Gendmica Funcional
Evolutiva é a geragdo de hipoteses, a partir de sequéncias gendmicas, que possam ser

experimentalmente validadas (Gu, 2003).

O topico central de interesse desta Tese foi o estudo da divergéncia funcional ap6s
duplicacdo génica ou especiacdo da familia génica da alcool desidrogenase. Pesquisas
objetivando compreender o processo de duplicagdo de genes, o seu significado e impacto
na fun¢do dos produtos génicos tém sido realizadas tendo como objeto de estudo as mais
diversas familias génicas. O modelo classico de duplicagcdo gé€nica sugere que uma copia
manteria a fungdo original, enquanto a outra estaria livre para acumular mudangas de
aminoacidos. Muitos modelos surgiram posteriormente para explicar esse processo (Force
et al., 1999; Nei et al., 1997; Fryxell, 1996; Clark, 1994; Hughes, 1994); porém, os
detalhes da diversificagdo funcional entre genes duplicados permanecem desconhecidos

(Gu et al., 2002b).

Altos valores de intensidade de sele¢do indicam importancia funcional (baixas taxas
evolutivas, no caso de conservagdo da funcdo); consequentemente, mudancas sitio-
especificas nas taxas evolutivas (ou intensidade de selecdo S) podem ser interpretadas
como mudangas funcionalmente importantes. Adicionalmente, sabe-se que as taxas

evolutivas podem variar durante a evolugdo para um residuo de aminoacido especifico.
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Assim, tal residuo pode mudar de muito conservado para altamente varidvel ou vice-versa
(Gu, 2003). A detecgdo de variabilidade nas taxas evolutivas entre os genes ¢ importante
no estudo da divergéncia funcional de uma familia protéica. Isto pode ser feito através da
detecgdo de mudancas nas taxas evolutivas sitio-especificas, usando um alinhamento
multiplo de sequéncias de aminoacidos para uma determinada arvore filogenética. Se a
funcdo ou a estrutura da proteina estda mudando, alguns residuos de aminoacidos podem
alterar as restri¢des funcionais durante a evolugdo. Isto implica que taxas evolutivas nesses
sitios poderdo variar em genes homodlogos diferentes de uma mesma familia génica. Esta é

a chamada divergéncia funcional do 7ipo I (Gu e Vander Velden, 2002).

A divergéncia Tipo I ¢ mais provavel nos residuos com diferentes taxas evolutivas
entre os genes duplicados. Entretanto, em fun¢do da natureza estocastica da evolugdo
molecular, a precisao de qualquer classificagdo ad hoc de aminoacidos sera limitada. Além
disso, existe uma grande sensibilidade a filogenias desbalanceadas entre dois
agrupamentos de genes. Por exemplo, considerando dois grupos monofiléticos com o
mesmo numero de sequéncias, sendo que o grupo 1 possui sequéncias filogeneticamente
préximas, enquanto o grupo 2 é composto por sequéncias distantes, um escore simples que
ignore a filogenia pode induzir ao erro, ja que muitos sitios serdo invariaveis no grupo 1.
Esse problema torna-se sério quando analise envolvendo um grande numero de sequéncias
¢ realizada, tendo em vista que nessa situagdo a inspe¢ao visual torna-se quase impossivel.
Portanto, ¢ necessaria a utilizacdo de modelagem estatistica e predicdo baseada em uma

arvore de genes (Gu e Gu, 2003; Gu ef al., 2002b).

Considerando-se uma filogenia com dois grupos monofiléticos gerados por

duplicacdo génica ou especiagdo, é proposto que um residuo de aminoacido possa ter dois
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estados: em um estado (S0), o sitio tem a mesma taxa em ambos 0s grupos €, em outro
(S7), as taxas nos dois grupos siao tdo diferentes que podem ser consideradas
estatisticamente independentes. Em cada estado, as taxas evolutivas entre os sitios variam
de acordo com uma distribui¢do gama. A, e Ag identificam as taxas evolutivas para os sitios
A e B. O coeficiente de divergéncia funcional () entre os dois grupos é definido como a
probabilidade de um sitio ser S/, isto é, 8 = P (SI). A rejei¢ao da hipotese nula, 6 = 0,
sugere que as taxas evolutivas (ou as restricdes funcionais) em alguns sitios t€ém variado
entre os dois grupos significativamente, sendo tais sitios relevantes nas diferengas
funcional-estruturais das proteinas (Gu e Vander Velden, 2002; Gu, 1999). A rejei¢do da
hipotese nula HO: # = 0 fornece uma evidéncia estatistica para mudancas nas taxas
evolutivas ou nas restricdes funcionais. Sendo Q(k)=Pi(S;|X) a probabilidade a posteriori
de um sitio & ser S; (status relacionado a divergéncia funcional) quando uma configuragao
de aminoacido (X) ¢ observada. Nesse caso, temos que Ax # Ag (Gaucher et al., 2002b). Se
o status observado ¢ o alternativo Sp (ndo relacionado a divergéncia funcional), com
probabilidade posterior Pi(SylX)=1-P(S;|X), isso significa que ndo ha restri¢ao funcional
alterada e os residuos preditos serdo significativos somente quando Q(k)>0.5, no caso em
que a taxa & R(S;|Sy)=P(S;|X)/P(Sy|X)>1. Um valor de corte mais rigoroso seria Q(k)>0.67,

ou R(S//S0)>2 (Gu e Gu, 2003). Para o estado Sy assume-se Ax = Ag.

Existem trés tipos de divergéncia funcional adicionais a de Tipo I. Tipo 0 representa
configuracdes de aminodcidos que estdo universalmente conservados em toda a familia
génica, implicando que sdo residuos importantes para a fungdo compartilhada por todos os
membros da familia. A divergéncia do Tipo II refere-se a configuracdes de aminoacidos
que sdo muito conservadas em ambas as copias génicas, mas possuem propriedades

bioquimicas muito diferentes, como por exemplo: cargas positivas vs. cargas negativas;

17



portanto, podem ser responsaveis por especificagao funcional. Gu classificou uma quarta

classe, nomeando-a Tipo U, que enquadraria aquelas configurag¢des de dificil padronizagao

(Gu et al., 2002a, 2002b). Dois modelos para evolu¢do de sequéncias, um utilizando

Cadeias de Markov e outro baseado em Poisson, foram desenvolvidos por Gu e

colaboradores, cujas estruturas podem ser entendidas em parte através do fluxograma da

Figura 1.

Site Prediction:

Given a cut-off value for
P(S,[X), say, =0.7,
predicted residues can be
mapped onto the multiple
alignment or 31D structure

T Site-specific profile

Posterior analysis:

P(S\|X) = OfLXIS)/ fLX)

T

Input: aligned amino
arid camiancas Af fuens
elsAw BLHULILMDD LA ORVYRS
clusters (A, B} and the
phylogeny

v

Probabilistic model of a site in each cluster:
FXalAa), AXplAp), where X4 and Xp are amino
acid configurations in A and B. In the fast
algorithm of Gu (1999), X, and X are
simplified to the expected number of
substitutions Gu & Zhang, 1997) so that
SiXalAs)and fiXp/Ap) are Poissen processes.
See Gu (2001 for a formal likelihood treatment.

v

The joint probability of X = (X, Xg)
AX) = (1-6) AX[S,) +BAX]S,)
and the likelihood over all sites (&) is
L =T X0

Conditional joint probability: assume rates A,

and Ay, varies among sites according to a gamma
distribution.

Under Sg. Ay = Ag = 4. 50

AX[Sy) = E[fX 5| 4) fX5|A)]
Under §y, 4,, 4y independent, so

fiXIS)) = E[fIXAlADIENf(Xp|Ag)]
where X = (X,, X) and £ for expectation.

Figura I — Fluxograma ilustrando os métodos de Gu para inferéncia de divergéncia funcional. Figura

adaptada de Gu (2003).

A seguir, um maior detalhamento matematico do método sera dado.
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Figura 2 — Agrupamentos de genes para as subarvores (parte superior da figura) e a arvore completa (parte
inferior da figura). O estado logo ap6s a duplicagdo génica é chamado de Cluster 0. Figura adaptada de Gu

(2001a).

Considere a arvore dada na Figura 2, a maxima verossimilhanca para a evolugao
das sequéncias pode ser derivada como segue. A matriz de probabilidade de transi¢do para

Ri_ onde R representa o padrio de

um dado periodo de tempo ¢ computada como P = ¢*
substitui¢des de aminodcidos, que pode ser determinado empiricamente através de
modelos, tais como o de Dayhoff (Dayhoff et al., 1978) e JTT (Jones et al., 1992). A taxa
evolutiva (A) varia entre os sitios em funcdo das diferentes restricdes funcionais.

Geralmente, A ¢ tratada como uma variavel randomica que segue uma distribuigdo gama,

ou seja,
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BON) = —pa- 1o
T(a) .

onde a forma do parametro a descreve a intensidade da taxa de variacdo entre os sitios, isto
¢, um pequeno valor indica uma alta taxa de heterogeneidade entre os sitios € quando o =

oo significa que ndo hé taxa de variagdo entre eles. § ¢ uma constante.

Novamente considere a arvore da Figura 2. Sejam X = (X1, X2, X3, X4) € Y = (Y1, Y2,
y3, y4) as configuragdes de aminoacidos observadas em um sitio para os clusters
(agrupamentos) 1 e 2, respectivamente. Para subarvores ndo enraizadas, clusters 1 ou 2, a

probabilidade condicional de se observar X ou Y em um sitio pode ser escrita como

a0 20

f{‘rl }"} - l:-l l:- 'E‘-'I P'l:'j'l:'lPIEIﬂPf*Iﬁ'PlejPIﬁI_'
X== .'l:'E—.
% 2

f':FI A) = = 1;:1 Oy Pysyn Py PysysPreysPravs:

2)

onde P; = P; (vy) ¢é a probabilidade de transi¢do de um nodo i para um nodo j, vij é o
comprimento do ramo entre eles a b; € a frequéncia do aminoécido i. Integrando em fungao

da variavel A, a probabilidade de observar X ou Y em um determinado sitio ¢ dada por

p(X) = E[fX|N] = | FDIBOD) dr
p(¥) = E[f(F[M)] = | AT dh.
o0 (3)

respectivamente, onde E € a esperanga.
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Utilizando um modelo de dois estados, ha dois estados combinados ndo
degenerados (configuragdes de divergéncia funcional), denotados por Sy = {(Fy, Fy)} e S; =
{(Fo, F1),(F1, Fo),(F1, F1)}. A notagdo F descreve o status em um unico cluster, enquanto S

¢ usado para a configurag¢ao de divergéncia funcional de uma familia génica.

Uma vez que as taxas evolutivas (A; € A;) em um sitio no estado S; sdo
estatisticamente independentes entre dois clusters, enquanto que sdo completamente
correlacionadas (A; = A, = A) em um sitio no estado Sy, a probabilidade condicional total no

estado Sy ou S; é dada por

FHX 7|5 = J SN AF| MDY dh
i
= E[fx] M n)]
X Y15, = p(X)p(Y)
= E[/(XI\)] % ELAYIND] )

onde /(X | ;) ouf (X | ;) ¢ a verossimilhanca de cada subarvore ndo enraizada dadas pelas
equagdes (2). O asterisco serve para diferenciar a verossimilhanga da subarvore da
verossimilhanga da arvore completa. Portanto, para um modelo de dois estados, a

probabilidade total dadas duas subarvores pode ser escrita como
PHX Y)Y = (1 — 02) X Y Sp) + 612X 7] 5:). 5)

Entdo, sob a suposi¢do de sitios independentes, a fung¢do de verossimilhanga considerando

todos os sitios, excluindo os gaps (falhas), ¢ dada por

I*(x|data) = [ | p*(x®, Y®)
k (6)
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onde k indica o sitio e X ¢ o conjunto de dados de parametros desconhecidos.

O algoritmo numérico desenvolvido por Gu e colaboradores utiliza algumas
simplificagdes a fim de diminuir o tempo computacional, j& que a computagdo da
probabilidade total de duas subarvores (p*(X, Y)) envolve a arvore filogenética, o

comprimento dos ramos, pardmetro o de uma distribui¢do gama e o coeficiente de

divergéncia funcional (Gu, 2001a; Gu, 2001Db).

Para uma familia multigénica com muitos membros (varios clusters), o padrao de
configuracdo de aminoacidos ¢ complicado. Mesmo considerando trés clusters, a
configura¢dao de aminoacidos do Tipo I envolve varios subtipos: cluster 1 variavel, clusters
2 e 3 conservados, etc. Assim, a verossimilhanca da subarvore pode ser estendida para n

clusters, mas o tempo computacional cresce enormemente com o aumento de 7.

Considerando trés agrupamentos (n = 3), as configuragdes funcionais equivalem a
2°=8, sendo elas: (Fy, Fy, Fy), (Fy, Fo, F)), (Fo, Fi, Fy), (F1, Fy, Fy), (Fo, F1, Fy), (F), F,
F), (F), F;, Fy) e (F;, F;, F;). A primeira, segunda e terceira posi¢cdo de cada conjunto
indica o status dos clusters 1, 2 e 3, respectivamente. O segundo, terceiro e quarto
conjuntos referem-se a clusters génicos nao degenerados. Os quatro ultimos estados devem
ser degenerados a um unico estado S, porque A;, A, € A3 sdo mutuamente independentes.
Note que hd m = 2" — n estados combinados degenerados (configuragdes de divergéncia
funcional) no caso de n clusters, que sdo denotados por S;, comj = 0, ..., m -1. De fato, a

relacdo entre as taxas evolutivas (A, A, A3) entre os trés clusters ¢ mostrada na Tabela 1.
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Tabela 1 — Estados combinados (configuracdes de divergéncia funcional) para a verossimilhanca de

subarvore com trés clusters génicos. Adaptado de Gu (2001a).

Estado S, F,/F, P (Si) Independéncia das taxas evolutivas' Tipo I’

So (Fo, Fy, Fy) i M=M= No

S (F;, Fo, Fy) L M, =2y Cluster 1

S, (Fo, Fp, Fy) %) M=23,0 Cluster 2

S, (Fo, Fo,F;) 3 M=A, A Cluster 3

Sy (Fo,F;, F;) Ty Ay Ay, s Clusters 2 e 3
(F;, Fy, F;) (o Aoy Ay Clusters 1 e 3
(F,, F;, Fy) Ty Ay Ay, s Clusters 1 e 2
(F,,F, F,;) N A Ay sy Ag Clusters 1,2 e 3

'Quando duas taxas evolutivas sdo iguais significa que sdo nio independentes. * Indica qual cluster esta sob

divergéncia funcional Tipo I.

Assim, a probabilidade total das trés subarvores sob cada configura¢dao funcional

(S)) € dada por

[Hx]So) = ELFOq ) f[)AN)]
FHx]S) = EF(q|n)] X ELFCG N AGG] 0]
FHx]Sy) = ELF(G|N)] X B[ |0 A N)]
FHx]S5) = E[F(G]|N)] X ELFQG [0 05 0]
x| Sy) = ELFOG|h)] X ELAG | X))

x E[f(:]A5)]. Rl

onde f(X; | A), f(Xo | A) ouf(X;|4) € a verossimilhanga para a subarvore nao enraizada de
cada cluster génico, respectivamente. Seja m; a probabilidade de um sitio no estado S;, ou
seja, mj = P (S§)); entdo, a probabilidade total das trés subarvores para um determinado sitio

¢ equivalente a

ma—1

pHX) = 2, mHS).

7= (8)
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onde m = 5. De maneira geral, mj sdo denominados coeficientes de divergéncia funcional do

Tipo I para configuragdo de divergéncia funcional S;. Em particular,

m-1
T=l-m= > m
._i=1 (9)

¢ o coeficiente de divergéncia funcional do Tipo I da familia génica. A equacdo (5) ¢ um

caso especial da equagdo (9) quandon=2 (em=2),eny=1—-60;,em =0;>.

Tabela 2 — Estados combinados (configura¢des de divergéncia funcional) para a verossimilhanga da arvore

com dois clusters génicos. Adaptado de Gu (2001a).

Estado §; F,/F, P (Si) Independéncia das taxas evolutivas Divergéncia Funcional

Sy (Fo, Fy, Fy) T M=M= No

S (F,, Fy, Fy) T A, A=2 Tipo II

S, (Fo, F;, Fy) ) A=A 0 Tipo 1

S, (Fo, Fy, F;) 3 M= 20 Tipo I

S4 (Fo, F;, F;) n Ay Ay, Ay Tipo I
(F;,Fyg,F;) N A, A Tipo I
(F,, F, Fy,) Ty A Ag sy 2y Tipo 1
(F;,, F;, F;) Ty Ay Ay, Ay Tipo I

"Quando duas taxas evolutivas sio iguais significa que sdo ndo independentes. > Indica o tipo de divergéncia.

Para avaliar a divergéncia funcional do Tipo II, considera-se um ramo interno
(cluster 0) entre os clusters 1 e 2 (ver Figura 2, parte inferior). Cada cluster possui dois
estados possiveis, exatamente como no caso do Tipo I; portanto, 2° = 8 estados combinados
sdo possiveis, podendo ser degenerados a cinco configuragdes de divergéncia funcional. As
relagdes entre os As sdo mostradas na Tabela 2. Seja m; (j = 0, 1, ..., 4) a probabilidade de
um sitio no estado Sj, ou seja, mj = P (S;); entdo, a probabilidade condicional de X e Y ¢

dada por
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F ¥In

20 20
- LLl LLl By Proyo U M) FX T M1 o) AT NS 30)
Xp=1 Mo=

(10)

onde (X | A;; xo), f(Y | 12, o) sdo as fungdes de verossimilhanga para os clusters 1 ¢ 2; x

e yp sdo as raizes e v € o comprimento do ramo interno. Assim, temos

f[:XI ':ll": --'!"-I:I::I = l:- l:- P].'.j.'l:'ijf_I'_PIj.T:P PT@IE'P

XX X5xa
X5 Xg
) _ 1\-"1 1\-"1

f {PI h.¥g) = Ly L P J'l:l.l‘ﬁP ¥5) lP J'EHP J'DJ'GP .1'.5.1'3‘-":' V&¥4-
B T 1

(11)

A probabilidade condicional de X e Y sob cada estado combinado ¢ dada por

0 20
X Flsg)y= > > by,
xg=1 =1
X E[Py (v M) FEXTA: 20) F(TIN: 330)]

20 0

FXY$) =3 Y b E[P,0lho)]

xg=1 wp=1

X E[f(XN: x) (T 3,)]
20 20
fX 7Sy = > 2 b E[f(X]hy: xo)]

xg=1 =1

X E[Pyy (v R AT A 30)]
20 20

fOXYIS) = 2 2, byE[Pry 0| ko) ST A: x0)]

xp=1 wyp=1

X E[LF(¥|As: wo)]
2-31 2-.':-1
FOX YIS = 2, 2, b B[Py lho)] X ELFCYIN,:x0)]

xg=1yp=1

X ELF(FIN-: o). (12)

Portanto, a probabilidade total de X e Y pode ser genericamente descrita como
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m—1
px, )= 2, mfX ¥]5),

J=0 (13)
onde m = 5. Se ndo houver restricdes funcionais alteradas entre os dois agrupamentos, isso
significa que cluster 0 esta no estado F; e os clusters 2 e 3 estdo no estado Fj.
Consequentemente, o coeficiente de divergéncia funcional pode ser definido como 6, = P
(S;) = P (F;, Fy, Fy) = m;. Por outro lado, divergéncia do Tipo I significa que pelo menos
um agrupamento deve estar no estado F;. De acordo com a Tabela 2, o coeficiente de Tipo
I ¢ dado por 0; = m; + w3+ my. Adicionalmente, se o coeficiente total ¢ definido como 7= 1
- P(Sy =1 — my, tem-se 6; + 6 = 1 - my. Assim, my pode ser chamado de coeficiente de

restricdo funcional da familia génica.

Utilizando a arvore completa pode-se identificar um perfil sitio-especifico para
divergéncias do Tipo I e II. No caso de dois agrupamentos, a probabilidade de cada estado

combinado ndo degenerado S; pode ser computado como

m FX F|S)
P(S|X 1) = 5 :
>, X ¥ls)
J=0 i

i=01 ....4 (14)

onden; =P (S)ef(X|Y|S) ¢ dada pela equacdo (12). Entdo, os perfis sitio-especificos

para Tipos I e II sdo dados, respectivamente, por
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Ptype I|X ¥) = P(5:|X ¥) + P(S:|x )
+ P(S,| X, 1)

P(type II|.X, ¥) = P(5,| X, 1), (15)

A metodologia acima descrita foi implementada no programa DIVERGE (Gu e
Vander Velden, 2002; Gu 2001b). Tal software possui uma ferramenta para visualizagdao
da estrutura tridimensional da proteina. De forma que, aminoacidos preditos como sendo
importantes na divergéncia estrutural e/ou funcional desta proteina, podem ser visualizados

na estrutura tridimensional, permitindo inferéncias sobre as relacdes entre os residuos.

O desempenho desse algoritmo ja foi testado por varios estudos de caso (Gu, 1999;
Wang e Gu, 2001), tendo sido verificado que, para obter a maior eficiéncia na deteccdo da
divergéncia funcional entre residuos, o uso da sequéncia de dados deve satisfazer as
seguintes condigoes: (1) cada grupo precisa ter pelo menos quatro sequéncias; (2) exceto
para um grande numero de dados, deve-se ter cautela quanto aos resultados quando a
identidade entre todas as sequéncias for superior a 90%, devido a perda do poder
estatistico; e (3) devem ser utilizados alinhamentos multiplos (Gu e Vander Velden, 2002).

Todas as condi¢des acima foram satisfeitas nesta Tese.

Virios algoritmos foram propostos para definir os tipos de divergéncia funcional
(Landgraf et al., 1999; Lichtarge et al., 1996; Casari et al., 1995). Casari ¢ colaboradores
utilizaram analise vetorial do perfil das sequéncias para identificar residuos importantes. O
grupo de Lichtarge desenvolveu um método chamado Rastreamento evolutivo, que foi
melhorado posteriormente por Landgraf e colaboradores e recebeu o nome de
Rastreamento evolutivo ponderado. Nesses métodos, o grau de conservacdo em cada

posicdo recebe um valor para diferentes subfamilias e pode-se visualizar na proteina,
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através de coloragdes distintas, quando o residuo ¢ mais ou menos conservado.
Adicionalmente, muitos métodos utilizando abordagens de evolugdo molecular estdao
disponiveis para predigdes semelhantes as funcionais (functional-like) (Pollock et al.,
1999; Golding e Dean, 1998). No entanto, o método desenvolvido por Gu e colaboradores
foi o tinico a propor uma abordagem baseada em filogenias para predizer estatisticamente

as configuracdes do Tipo / e /1.

Tal metodologia ja foi aplicada para o estudo da duplicagdo de diversas familias
génicas, tais como as ciclooxigenases (Gu, 2001a), caspases (Wang e Gu, 2001), fatores de
transcri¢ao (Gaucher et al., 2002a), globinas (Naylor e Gerstein, 2000), quinases (Gu et al.,
2002a), a-manosidades classe I (Jordan et al., 2001), opsinas (Spaethe e Briscoe, 2004),
proteina G (Zheng et al., 2007), proteinas RAMP (moduladores de proteina G) (Benitez-
P4ez e Cardenas-Brito, 2008), transportadores monocarboxilados (Liu et al., 2008),
bestrofinas (Milenkovic et al., 2008), fosforilases (Georgelis et al., 2008), receptores toll-
like (Zhou et al., 2007), proteinas de ligacdo ao RNA (TDP) (Wang et al., 2004), tirosina

quinases (Gu e Gu, 2003) e transferinas (Gu, 1999).

Modelagem Molecular no estudo da Evolucéo de Proteinas

Ha varios métodos disponiveis que avaliam divergéncia funcional sob o ponto de
vista da evolucdo molecular, mas ndo implementam facilidades computacionais que
propiciem o estudo da evolucdo, fungdo e estrutura de proteinas (Gu, 2003). A metodologia
de deteccao de divergéncia funcional utilizada nos estudos presentes nesta Tese foi a de Gu
(2003, 2001a, 2001b, 1999). O programa desenvolvido pelo grupo de Gu fornece uma

ferramenta grafica através da qual ¢ possivel exibir a estrutura tridimensional de uma
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proteina, quando esta se encontra disponivel nos bancos de dados, resultante de estudos de
difracdo de raios-X ou ressonancia magnética nuclear. No entanto, tal ferramenta nio ¢
suficiente para o estudo da relacdo entre evolugdo, fungdo e estrutura protéica,
necessitando muitos aprimoramentos até que possa ser utilizada como principal fonte
geradora de resultados. Assim sendo, um dos desafios encontrados nesse trabalho foi a
determinag@o da estrutura tridimensional das proteinas de estudo (alcool desidrogenases),
j4 que as mesmas ndo estdo disponiveis nos bancos de dados para diversos grupos de
organismos, especialmente plantas. De forma que as sequéncias de interesse foram

modeladas pelo método de Modelagem Molecular Comparativa por Homologia.

A Modelagem Comparativa por Homologia tem como principal objetivo a
constru¢ao de um modelo tridimensional para uma proteina de estrutura desconhecida, com
base na estrutura tridimensional (3D) conhecida de proteinas (moldes) cujas sequéncias
primarias sejam semelhantes a da proteina a ser modelada. Esta modelagem s6 € possivel
porque pequenas mudancas na sequéncia protéica, geralmente resultam em pequenas
mudangas na estrutura 3D (Sanchez e Sali, 1997). Este ¢ o método mais apurado de
predi¢do de estruturas tridimensionais (Sanchez e Sali, 1997). Tais estruturas protéicas 3D
sdo mais conservadas que suas sequéncias primarias. Assim, se ¢ detectada similaridade
entre sequéncias, usualmente pode-se supor similaridade estrutural. Além disso, proteinas
com baixa similaridade na sequéncia podem ter estruturas similares (Sanchez e Sali, 2000).
Os passos para a modelagem consistem em identificar estruturas relacionadas a proteina
que se quer modelar; selecionar os moldes; fazer o alinhamento entre os moldes ¢ a
proteina a ser modelada, usando programas tais como o CLUSTAL; e, finalmente,

construir um modelo usando a informagao das estruturas dos moldes e valida-lo (Figura 3).
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Figura 3 — Passos na Modelagem Comparativa por Homologia. Figura adaptada de Marti-Renom et al.

(2000).
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O modelo tridimensional é obtido através da otimizacdo de uma funcgdo de
densidade de probabilidade molecular (pdf), através do método da fungdo alvo variavel no
espaco cartesiano que aplica métodos de gradientes conjugados e dindmica molecular com
simulated annealing. O programa implementa uma abordagem automatizada para modelar
estrutura 3D satisfazendo as restricdes espaciais obtidas empiricamente de um banco de
dados de alinhamentos de estruturas de proteinas. As restricdes angulares e de ligagdes sao
geradas através de uma analise estatistica das relagdes entre muitos pares de estruturas
homologas, incluindo 416 proteinas de estrutura conhecida. Essas relagcdes sdo expressas
como fun¢des de densidade de probabilidade condicionais e podem ser usadas diretamente
como restricdes espaciais. Posteriormente, as restricdes espaciais ¢ termos de energia que
determinam a adequada estereoquimica s3o incluidas em uma funcdo objetiva, que ¢
otimizada no espago cartesiano (Marti-Renom, 2000; Sanchez e Sali, 2000, 1997; Sali e

Blundell, 1993).

A validagdo de um modelo produzido por modelagem molecular requer a
verificagdo de caracteristicas estereoquimicas, como comprimento de ligagdes, angulos das
ligacdes, planaridade das cadeias carbonadas, quiralidade e angulos de tor¢ao das cadeias
principal e laterais, tal como implementado no programa PROCHECK (Morris et al., 1992;
Laskowski er al., 1993). Além disso, a avaliacdo do ambiente de cada residuo de
aminoacido no modelo em fun¢do do ambiente encontrado nas estruturas resolvidas que
serviram como molde costuma ser feita. Um dos mais conhecidos programas utilizados

para tal, trata-se do VERIFY-3D (Bowie et al., 1991; Liithy et al., 1992).

Atualmente sdo conhecidas mais de 40.000 estruturas de proteinas, distribuidas em

varias familias contendo moléculas com o mesmo padrdo basico de enovelamento.
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Variagdes em familias de proteinas homologas que conservam a mesma fungdo mostram
como as estruturas acomodam mudangas na sequéncia de aminoacidos. Assim, residuos
localizados na superficie da proteina e ndo envolvidos em fun¢ao estdo livres para mutar,
bem como alcas que poderiam acomodar mudangas pelo rearranjo estrutural local.
Mutagdes que alteram o volume de residuos internos, em geral, ndo modificam a
conformagdo estrutural de hélices e folhas beta; no entanto, causam distor¢des em seu
arranjo espacial. A medida que uma sequéncia diverge, h4 um aumento progressivo na
distor¢do da conformacdo da cadeia principal; portanto, existe uma correlagdo positiva

entre divergéncia de sequéncias e alteragdo da estrutura tridimensional (Lesk, 2008).

Embora sequéncias muito similares possuam estruturas semelhantes, a relacdo entre
estrutura ¢ fungdo ¢ mais complexa, ja que proteinas semelhantes podem desempenhar
fungdes distintas. A contribui¢do da modelagem molecular para o entendimento da fungdo
de proteinas ¢ imensa, inclusive com aplicagdes na industria farmacéutica através da
modelagem de ligantes e estudo da interagdo entre proteinas e proteinas-ligantes (Lesk,
2008; Coop e MacKerell, 2000). Tais analises quando associadas a abordagens evolutivas
podem enriquecer enormemente nosso conhecimento sobre aspectos como divergéncia de

fungdes e mudanga de especificidade, podendo ser uteis para estudos de docking, desenho

racional de farmacos, entre outras aplicacdes.
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Familia Génica da Alcool Desidrogenase

A élcool desidrogenase (ADH) tem sido estudada em uma ampla variedade de
grupos taxondmicos, incluindo plantas, animais e¢ fungos. Os membros deste grupo
pertencem a superfamilia protéica das desidrogenases/redutases de cadeia média (MDR).
Essa superfamilia ¢ formada por ADHs, redutases, leucotrieno B4 desidrogenases, entre
diversas outras familias génicas. O grupo de MDRs cresceu consideravelmente nos tltimos
anos, sendo que no final de 2007 atingiu o nimero de 11.000 membros no banco de dados
UniProt (Bairoch et al., 2005). A maior parte das familias do grupo das MDR possui
centenas de membros, sendo que cerca de 1.000 familias possuem 10 ou menos membros
(Persson, et al., 2008). A primeira MDR descrita foi uma alcool desidrogenase de

mamifero, em 1970 (Jornvall, 1970).

As proteinas MDR tipicamente possuem dois dominios: (1) dominio de ligagao da
coenzima (C-terminal), formado, frequentemente, por seis folhas betas paralelas, cada uma
da qual seguida por uma hélice; e (2) dominio N-terminal de ligagdo ao substrato, formado
por um nucleo de fitas B-antiparalelas e a-hélices posicionadas na superficie (Persson et

al., 2008).

Dois tipos de alcool desidrogenase (E.C. 1.1.1.1.) tém sido identificados: alcool
desidrogenases classicas, de cadeia longa (chamadas classe P em plantas), e alcool
desidrogenases de cadeia curta (Charlesworth et al., 1998), classificadas como SDRs
(short-chain dehydrogenases/reductases). As proteinas cldssicas s3o enzimas que
requerem zinco como cofator, possuem aproximadamente 350 residuos de aminodacidos,
sdo todas diméricas e encontradas em um grande nimero de organismos, como mamiferos,

plantas e leveduras. J& as de cadeia curta possuem cerca de 250 residuos de aminoacidos,
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ndo necessitam de zinco como cofator e sdo encontradas em insetos, inclusive em
Drosophila (Yokoyama et al., 1990). Embora as sequéncias protéicas de alcool
desidrogenase sejam altamente conservadas, sua fun¢do metabdlica ¢ bastante variavel

(Charlesworth et al., 1998).

A ADH forma diferentes classes que compartilham cerca de 60% de identidade
entre as sequéncias (Jornvall, 2008). A classe mais conservada parece ser a ADH3 (classe
IIT), que corresponde a formaldeido desidrogenase dependente de glutationa. Essa parece
ser a forma ancestral da qual derivaram as outras classes de vertebrados, ja que ndo possui

representacdo em todos os invertebrados investigados.

Entre os vertebrados, os peixes apresentam uma forma mista de ADH,
estruturalmente similar a classe III e funcionalmente semelhante a classe I (Dasmahapatra
et al. 2005). Em mamiferos, tais enzimas sdo subdivididas em classes de I a VI. A classe I
¢ uma enzima do figado, contendo atividade de etanol desidrogenase; a classe III ¢ idéntica
a enzima formaldeido desidrogenase dependente de glutationa; a classe IV ¢ uma forma
preferencialmente expressa no estomago; enquanto que as classes II, V e VI, embora pouco
estudadas, exibem propriedades distintas. Acredita-se que a origem das classes se deva a
eventos de duplicacdo gé€nica no inicio da evolugdo dos vertebrados (duplicagdo I/IIT) ou
durante a evolu¢do dos mesmos (duplicagdao I'V/I). A classe III corresponde a uma forma
ancestral (Danielsson et al., 1994), uma vez que apresenta alto grau de conservagdo na
sequéncia de aminoacidos, e dela as outras classes de enzimas teriam derivado por
duplicacdo e aquisi¢do de novas especificidades aos substratos (Dolferus et al., 1997). A
classe I encontra-se presente nas linhagens de mamiferos e aves; enquanto as classes IV e

VIII encontram-se presentes em anfibios e a classe VII € encontrada em aves (Kedishvili et
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al., 1997).

Em humanos, os sete genes que codificam ADH encontram-se em um agrupamento
de cerca de 380 kb no brago longo do cromossomo 4 (4q21-23). A classe I € encontrada em
uma regido de 70 kb, formada por Adh7 (upstream) e por Adh6, Adh4 e Adh5
(downstream). Membros da classe | estdo envolvidos diretamente na oxidagdo do etanol
em diferentes taxas, consequentemente, tornaram-se candidatos para o estudo do risco de

desenvolvimento de alcoolismo (Osier ef al., 2002).

Ha evidéncias de que a alcool desidrogenase desempenha fungdes distintas em
mamiferos, tendo sido relacionada ao metabolismo da norepinefrina, dopamina, serotonina
e acido biliar. Adicionalmente, essa enzima pode catalisar a oxidagao do retinol in vitro e
in vivo (Gonzalez-Duarte e Albalat, 2005). Assim, a expansdo da familia génica da alcool
desidrogenase em mamiferos exemplifica um processo de neofuncionalizacdo com

inameros eventos de duplicacdo levando a novas atividades.

Da mesma forma, foi demonstrado teoricamente que coOpias em plantas
provavelmente teriam sido retidas como uma consequéncia da substitui¢do adaptativa de
residuos de aminoacidos, que confeririam uma mudang¢a em funcdo (Thompson et al.,
2007). Alteragdes sutis de restricdo funcional nas sequéncias protéicas levam a diferencas
nas taxas de substituigdes ndo-sindnimas entre as copias génicas, como encontrado por
Gaut et al. (1999) no estudo da Adh de gramineas. Dependendo da localizagdo de tais
substitui¢des ¢ da natureza da mudanga, como por exemplo, a substituicdo de um residuo
carregado positivamente por um de carga negativa, pode-se avaliar o impacto que as

mesmas podem ter na estrutura tridimensional da enzima.

A élcool desidrogenase apresenta fungao biolodgica variavel dependendo da classe e
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do organismo a qual pertenca. Nos animais a fermentacdo resulta em acido lactico sob
condi¢des anaerdbicas, sendo que a ADH tem papel importante na detoxificacao de alcodis
e aldeidos no figado; portanto, trata-se de enzima glicolitica essencial no metabolismo
anaerdbico. A atividade de formaldeido desidrogenase dependente de glutationa (GSH-
FDH; formaldeido: NAD+ oxidoredutase, formil glutationa; E.C. 1.2.1.1.) tem sido
demonstrada em plantas, com evidéncias de que estas enzimas de classe III poderiam ser o
ancestral da classe P nas mesmas (enzimas ADH etanol-ativas) (Dolferus et al., 1997).
Nesse grupo a ADH juntamente com a piruvato decarboxilase (PDC, E.C. 4.1.1.1), faz
parte da via de fermentacao alcodlica, uma via de dois passos que converte piruvato via
acetaldeido em etanol, diferentemente do que ocorre em animais. Esta via esta presente em
leveduras, gimnospermas, angiospermas ¢ em algumas bactérias dd vantagem de
crescimento a microrganismos (leveduras) na presenga de altas concentragdes de agucar.
Nas gimnospermas ¢ angiospermas, a fermentacdo alcodlica ¢ essencial para sua
sobrevivéncia sob determinadas situagdes ambientais estressantes (Dolferus et al., 1994,
1997), sendo fortemente induzidos em condicdes de baixa tensdo de oxigénio.
Adicionalmente, em Arabidopsis ha indugdo por baixas temperaturas e estresse osmotico

(desidratacdo). Em milho também ocorre indugao pelo frio (Clegg et al., 1997).

Em plantas, hd& uma pequena variacdo na quantidade de loci Adh. Arabidopsis
thaliana tem um nico locus Adh classe P, mas a maioria das plantas tem dois ou trés loci.
Em espécies diploides de Gossypium ha pelo menos sete loci (Small ¢ Wendel, 2000b;
Charlesworth et al., 1998, Suiter, 1998). A posi¢ao dos introns nos loci Adh &, geralmente,

conservada, tanto em angiospermas quanto em gimnospermas (Charlesworth et al., 1998).

Adh ¢ a familia génica nuclear de plantas melhor estudada, tanto em termos de
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biologia quanto de evolugdo molecular. Estudos evolutivos tém sido feitos em um niimero
consideravel de plantas, como gramineas, especialmente o milho, Arabidopsis e algodao
(Small e Wendel, 2000a). Apesar disso, ndo eram encontrados na literatura estudos sobre a
estrutura da proteina alcool desidrogenase em plantas nem estrutura 3D disponibilizada nos
bancos de dados. Esse ultimo fato contrasta com o grande niimero de tais estruturas
investigadas em outros organismos, como mamiferos, anfibios, peixes, ascomicetos,
bactérias e leveduras disponiveis no Protein Data Bank (Berman et al., 2000). Em estudo
publicado em 2007 (Thompson et al), a primeira estrutura de ADH em plantas foi

disponibilizada.

Estudos sobre a diversidade da sequéncia nucleotidica do locus Adhl em plantas
tém mostrado um excesso substancial de sitios ndo-sindnimos em determinada regido do
locus, indicando que a distribuicdo dos polimorfismos ¢ consistente com um balanco entre
selecdo fraca e mutacdo. Taxas de substituicdes sindnimas e nao-sindnimas dentro de um
gene sdo frequentemente relacionadas, mas ndo parece ser este o caso do gene Adh. Esse
desacoplamento ¢ mais 6bvio entre os loci Adhl e Adh2 de gramineas. O locus Adh2 tem
uma taxa maior de substituicdes ndo-sinonimas que Adhl, sem que haja um aumento nas
taxas de substituigdes sinonimas. A aceleracdo das taxas de substitui¢gdes nao-sinonimas
em Adh2 é consistente com estudos prévios que documentaram um aumento na taxa de
substitui¢do nao-sindnima subsequente a duplicacdo gé€nica. Tanto a selecdo positiva
quanto o relaxamento da sele¢do purificadora podem causar um aumento nessa taxa apos a

duplicacdo génica (Brandon et al., 1996).

Em Zea mays, os dois genes Adh diferem em seus padroes de expressdo tecido-

especificos. O gene Adhl & expresso em tecidos da semente e polen, enquanto Adhl e
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Adh2 sdo expressos em tecidos de raiz sob condigdes de andxia. Variagdo similar nos
padroes de expressao € encontrada em outras gramineas, girassois, eucaliptos e pinheiros
(Gaut et al., 1999). Além disso, ensaios enzimaticos revelaram importantes diferengas
entre os trés alelos do locus Adhl em milho, entre elas, o fato de que produtos protéicos

codificados por esses alelos diferem nas suas atividades especificas (Gaut e Clegg, 1993).

Estudos indicam que duplicagdes gé€nicas aumentam a diversidade de expressao
génica tanto dentro do genoma como entre genomas, tornando as coOpias mais
especializadas em diferentes tecidos ou estagios de desenvolvimento (Gu et al., 2004). Ha
evidéncias de que a ADH também mostra padrdes de expressao tecido-especificos em
animais, tal como ocorre em ADHI de Oryzias latipes (Hoffmann et al., 2006;

Dasmahapatra et al., 2005), e ADH1, 2 ¢ 4 em camundongos (Szalai et al., 2002).
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Geral

O objetivo geral desse trabalho é o estudo da evolugdo molecular, diversificagao

funcional e aspectos estruturais da familia génica da Alcool Desidrogenase.

Especificos

Analisar a evolugdo molecular da enzima ADH em plantas, animais e

fungos.

Compreender a relagdo da formaldeido desidrogenase dependente de

glutationa, ADH de classe I1I, com outras classes de ADH.

Estudar a diversificacdo funcional da familia génica da 4alcool

desidrogenase.

Determinar os residuos de aminoacidos importantes nas diferencas

estrutural-funcionais dessas enzimas.

Deduzir a estrutura tridimensional de proteinas de interesse em plantas ja
que nao ha nenhuma estrutura resolvida desses organismos nos bancos

de dados.
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Abstract

The glycolytic proteins in plants are coded by small multigene families, which provide an interesting contrast to the high copy number of gene
families studied to date. The alcohol dehydrogenase (Adh) genes encode glycolytic enzymes that have been characterized in some plant families.
Although the amino acid sequences of zinc-containing long-chain ADHs are highly conserved, the metabolic function of this enzyme is variable.
They also have different patterns of expression and are submitted to differences in nonsynonymous substitution rates between gene copies. It is
possible that the Adh copies have been retained as a consequence of adaptative amino acid replacements which have conferred subtle changes in
function. Phylogenetic analysis indicates that there have been a number of separate duplication events within angiosperms, and that genes labeled
Adhl, Adh2 and Adh3 in different groups may not be homologous. Nonsynonymous/synonymous ratios yielded no signs of positive selection.
However, the coefficients of functional divergence (0) estimated between the Adhl and Adh2 gene groups indicate statistically significant site-
specific shift of evolutionary rates between them, as well as between those of different botanical families, suggesting that altered functional
constraints may have taken place at some amino acid residues after their diversification. The theoretical three-dimensional structure of the alcohol
dehydrogenase from Arabis blepharophylla was constructed and verified to be stereochemically valid.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Glycolytic proteins; Functional diversification; Arabis blepharophylla; Molecular modeling

1. Introduction innovel capacities. This preservation can lead to the persistence of

both copies with sequence similarity, to subfunctionalization

Many plant nuclear genes are members of multigene families.
The formation of these families must have been fundamental in
plant evolution. The recurrence of duplications and functional
divergences has generated the present gene families. One copy
may be silenced by deleterious mutations (pseudofunctionaliza-
tion) or both copies may be preserved if such substitutions result

Abbreviations: ADH, alcohol dehydrogenase; LRSH, Shimodaira—Hasegawa
test with RELL approximation; LRT, likelihood ratio test; MEGA, Molecular
Evolutionary Genetics Analysis; ML, maximum likelihood; NAD", nicotinamide
adenine dinucleotide; NCBI, National Center of Biotechnology Information; NJ,
neighbor-joining; RELL, resample estimated log-likelihood; RMSD, root mean
square deviation.
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(where each copy adopts some of the tasks of the ancestor) or to
neofunctionalization (when one gene maintains the original
function, while the other acquires a new role) (Gonzalez-Duarte
and Albalat, 2005). Phylogenetic analyses are useful for under-
standing the relationships of member genes ofa gene family, since
gene trees may clarify the history of gene duplication events.
We studied patterns of molecular diversification among
members of the Adh gene family in plants, which belong to the
medium-chain dehydrogenase/reductase protein superfamily.
Alcohol dehydrogenases (ADHs) are dimeric enzymes of the
glycolytic pathway that constitute two evolutionary groups, one
characterized by short protein chains (~ 250 residues) which do
not require zinc as a cofactor, and another characterized by long
protein chains (~ 370 residues) which require zinc as a cofactor.
The former group is represented by Drosophila ADHs, and the
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latter by ADHs from organisms as diverse as mammals, plants,
and yeasts. Although the amino acid sequences of zinc-con-
taining long-chain (LC) ADHs are highly conserved (Yokoyama
etal., 1990; Charlesworth et al., 1998), the metabolic function of
this enzyme is variable (Dolferus et al., 1997).

In vertebrates eight distinct classes have been defined based on
sequence similarity, catalytic features and gene expression pat-
terns (ADH1-8, classes I-VII, according to Duester et al., 1999,
and class VIII following Peralba et al., 1999). In mammalian
tissues, at least six classes of this enzyme occur. Class I is the well-
known liver enzyme with ethanol dehydrogenase activity, class I11
is identical to the glutathione-dependent formaldehyde dehydro-
genase, class [V is a form preferentially expressed in the stomach,
while classes II, Vand VI are known to exhibit diverse properties
(Danielsson et al., 1994).

Transcription from Adh promoters increases under oxygen
stress, as well as in response to stress due to low temperatures in
maize. The Arabidopsis Adh gene is induced predominantly in
roots by environmental stresses such as low oxygen levels,
dehydration, low temperature and the phytohormone ABA
(Dolferus et al., 1994). Two or three isozymes are observed in
all flowering dicot or monocot plant species, with the exception
of Arabidopsis, which has a single Adh locus. This gene family
has been most intensively studied in the Poaceae (Morton et al.,
1996). In Zea mays, for example, the two Adh genes differ in
their pattern of tissue-specific expression. Adhl is expressed in
dry seed and pollen tissues, while both Adhl and Adh2 are
expressed in roots under anoxic conditions. Similar variation in
Adh expression is found in a wide variety of plant species,
including other grasses, sunflower, eucalyptus, and pine (Gaut
et al., 1999). Functional assays also reveal important differences
among the three Adhl alleles from the locus in maize. The
protein products encoded by these alleles differ in their specific
activity, and the alleles vary in their ability to recombine in-
tragenically. Allelic differences in protein function, different
patterns of expression, gene conversion, and recombination
make the Adh locus evolutionarily interesting (Gaut and Clegg,
1993).

Structurally the ADH zinc-containing and the nicotinamide
adenine dinucleotide (NAD") dependent enzyme contains two
domains, one (residues 177—322) links to the coenzyme, and the
other (residues 1-176; 323—373) is the catalytic unit. The ac-
tive site is located in the cavity between the two domains. Two
conformations between the domains are distinguished, “open” in
the apoenzyme and “closed” in the complex with the substrate.
Three segments (V1, V2 and V3) can also be distinguished, that
are responsible for the enzyme’s hypervariability. They corre-
spond to a portion (V1, residues 49—61) adjacent to the active site;
a loop near the zinc atom (V2, residues 100—130); and a region of
monomer interaction (V3, residues 290-310) (Person et al., 1993;
Danielsson et al., 1994).

The Adh copies may have been retained as a consequence of
adaptative amino acid replacements which have conferred
subtle changes in function. Slightly different constraints on the
protein sequence may lead to subsequent differences in non-
synonymous substitution rates between gene copies, as found
by Gaut et al. (1999).

Despite the large number of studies involving the Adh gene
family, there does not exist a wide-ranging study correlating its
molecular evolution and structural biology in plants. Here, we
extend previous studies of this multigene family, with the goal
of using molecular evolutionary and modeling tools to un-
derstand its process of diversification. This is the first study
where a plant ADH three-dimensional structure is proposed.

2. Materials and methods
2.1. Sequence analysis

The gymnosperm and angiosperm amino acid and DNA
sequences were obtained from the National Center of Biotech-
nology Information (NCBI) and are listed in the Supplementary
material (Table 1A), together with information about the species
from which they were obtained. Alignments were performed
with the ClustalW program (Jeanmougin et al., 1998). They
were inspected and manual changes were made when necessary
using GeneDoc 2.6 (Multiple Sequence Alignment Editor &
Shading Utility; Nicholas and Nicholas, 1997). Alignments are
available upon request. Phylogenies were estimated by neigh-
bor-joining (NJ) (Saitou and Nei, 1987), available in the MEGA
(Molecular Evolutionary Genetics Analysis) program, version
3.1 (Kumar et al., 2000), and by maximum likelihood (ML)
methods using PhyML (Guindon and Gascuel, 2003) and
TreeFinder (Jobb et al., 2004). ADH sequences from Pinus
banksiana were used as an outgroup. In the NJ method, the p
distance and the Poisson-corrected amino acid distances were
used to analyze the amino acid sequences. The Kimura two-
parameter method was used as a substitution model in the DNA
sequences. A total of 1500 repetitions were performed using the
bootstrap method (Felsenstein, 1985) to determine the reliability
of each node of the tree. The NJ method is known to be
preferable to other commonly used methods when rates of
evolution differ among the branches of a phylogenetic tree (Nei,
1991), as may often be true in the case of multigene families
whose members have adaptations to different functions.
Maximum likelihood topologies were generated using the
HKY substitution model (Hasegawa et al., 1985) to build the
DNA gene trees. The bootstrap analyses were conducted using
the previously cited programs; however, in the TreeFinder
analysis, an approximate bootstrap support was computed by
applying the Shimodaira—Hasegawa test with RELL approxi-
mation (LRSH) to all local rearrangements of the tree topology
around an edge. In this case, the reliability of the trees was tested
using 1000 replications. The resultant tree topologies were used
to calculate branch lengths using the MO model available in the
CODEML program of the PAML packet (Yang, 1997).
Afterwards, to evaluate the presence of positive selection, 13
protein sequences were examined using the maximum likeli-
hood models recommended by Yang (2004). The one-ratio
model (M0) assumes one @ (dn, nonsynonymous/ds, synony-
mous) ratio for all sites. The nearly neutral model (M1a) pre-
supposes a proportion p, of conserved sites with wy<1 and
p1=1—po of neutral sites with w=1. The positive selection
model (M2a) adds an additional class of sites with frequency
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p2=1—po—p; and w, is estimated from the data. In the discrete
model (M3), the probabilities (po, p; and p,) of each site being
submitted to purifying, neutral and positive selection, respec-
tively, and their corresponding w ratios (wg, w; and w,) are
inferred from the data. The Beta model (M7) is a null test for
positive selection, assuming a Beta distribution with w between
0 and 1. Finally, the Beta&® model (M8) adds one extra class
with the same ratio @, (Yang, 2004).

The likelihood ratio test (LRT) was used to verify whether
w was significantly different from 1 for each pairwise com-
parison: Mla vs. M2a, MO vs. M3, and M7 vs. M8. LRT
performs the comparison both with the constraint of w=1 and
without such constraint: LR=2(In; —In,). These LRT statistics
approximately follow a chi-square distribution and the num-
ber of degrees of freedom is equal to the number of additional
parameters in the more complex model (Anisimova et al., 2001,
2002).

A statistical framework modeling the functional divergence
was implemented by the DIVERGE program (Gu and Velden,
2002) using 61 sequences, to estimate the coefficient of func-
tional divergence (). This coefficient is an indicator of the level
of type I functional divergence caused by an evolutionary pro-
cess resulting in either altered functional constraints or in a site-
specific evolutionary rate shift between two duplicate genes
(Gu, 1999; Gu and Velden, 2002). Rejection of the null hy-
pothesis HO: =0 provides statistical evidence for shifts in
evolutionary rates or in altered functional constraints. Let
O(k)=Pi(S1|X) be the a posteriori probability of a site &
being S (functional divergence related status) when the amino
acid configuration (X)) is observed. Since the alternative status Sy
(functional divergence unrelated status), with posterior probability
Pi(SolX)=1-P,(S1|X), means no altered functional constraint,
the predicted residues are only meaningful when QO(k)>0.5,
in which case the ratio R(S}|So)=P(S1|X)/P(SplX)>1. A more
stringent cut-off may yield O(k)>0.67, or R(S;|So)=2 (Gu and
Gu, 2003).

2.2. Modeling and structure analysis

We obtained results for the three-dimensional structure of the
Arabis blepharophylla ADH (adhARABLE) using Equus
caballus liver alcohol dehydrogenase (PDB code IN8K), as a
template, encountered using Blastp (Altschul et al., 1990;
Altschul et al., 1997). Its structure has been solved to a 1.13 A
resolution (Rubach and Plapp, 2003). The amino acid sequence
alignments were performed with the ClustalW program (Thomp-
son et al., 1994), using the BLOSUM matrix (Henikoff and
Henikoff, 1992) for scoring, and manually adjusting to obtain
optimal alignment. Afterwards, the program MODELLER6v2
(Sali and Blundell, 1993) was used to build protein models
according to the comparative protein modeling methodology.
Finally, the best model was evaluated and selected on the basis of
the results obtained by PROCHECK (Laskowski et al., 1993) and
VERIFY-3D (Liithy et al., 1992). The Swiss-PdbViewer (Guex
and Peitsch, 1997) was used to calculate the root mean square
deviation (RMSD) between the template and the model, as well as
to draw all the figures and generate the molecular surface.

3. Results and discussion
3.1. Phylogenetic analysis

Comparative analysis presents an ideal opportunity to inves-
tigate the dynamics of an angiosperm gene family, and in par-
ticular, to expand our understanding of Adh evolution. In total,
1155 DNA sites from 176 sequences (94 monocot, 75 dicot, and
seven gymnosperm) were used in the phylogenetic analysis. The
NJ (Fig. 1) and ML (not shown) tree topologies did not differ
significantly, especially when the major clades are considered.
There was consensus in some important respects. First of all,
recent gene duplications are evident in the Paconiaceae and
Cyperaceae, indicating that the Adh I and Adh2 sequences of both
families are more related to each other than to other dicot and
monocot sequences. These duplications should have occurred
after the diversification of these two botanical families. Other
gene duplication responsible for the Adhla and Adhlb split is
observed at the base of the Paconiaceae clade (Fig. 1).

The Arecaceae (palm) family always formed a basal clade
within monocots in our data, as was also observed by Borsch et al.
(2003) using the plastid 7rn7-TrnF marker. It emerged ~ 80
million years ago and radiated early when compared to the
Poaceae and Cyperaceae families (Wilson et al., 1990; Duvall
et al., 1993; Tamura et al., 2004). The Poaceae (grass) family
emerged and diversified ~ 60 million years ago and has been the
most intensively studied monocot lineage due to its economic
importance (Morton et al., 1996). Our results agree with those of
Mathews and Sharrock (1996) using the phytochrome gene. Both

1o~ Adh2 Poaceae

99 Adh2 Cyperacecae

gg| 0 ’ Adhl Cyperaceae

g9 Adhl Poaceae

Monocot

Arecaccac

100 Fabaceae

100 Brassicaceae

Dicot

100 4dh2 Paeoniaceae

100 4dhiB
B AdhlA

Adhl Paeoniaceae

100

Pinaceae Gymnosperm

Fig. 1. Simplified phylogenetic tree inferred from DNA Adh sequences using the
neighbor-joining method. Numbers represent bootstrap values; values higher
than 84% are shown. Scale bar indicates levels of sequence divergence. The
detailed tree with sequence identification can be obtained on request.
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the DNA and protein trees produce two separated clades which
correspond to the Adhl and Adh2 sequences. A recent Adh2
duplication has also originated a third (4dh3) locus in the genus
Hordeum (Supplementary material). The Arecaceae AdhA and
AdhB loci (Supplementary material) do not seem to correspond
to the Poaceae loci, since they clearly separate in the trees. The
Fabaceae adhl1GLYMAX2, adhl1PHAFOL, adhl1SOPFLA,
adh1LOTCOR, adhlPEA, adhl1TRIREP sequences form a
monophyletic group with high bootstrap support.

The Brassicaceae sequences cluster in four major groups of
taxa (Fig. 2): (1) one (adhBRAOLE) with Brassica oleraceae as
the most basal group; (2) a clade containing sequences from
Cardamine amara, Barbarea vulgaris and taxa of the Leaven-
worthia genus (prefixes BAR, CAR and LEA); (3) one with those
from Arabidopsis thaliana (located in the lower portion of the
figure); and (4) one with Arabis and Aubrieta sequences.
According to Koch et al. (2000) the Arabidopsis, Brassica
and Arabis stelleri clades diverged early in the history of the
Brassicaceae, at roughly 24 Mya. Yang et al. (1999) obtained very

A
100
B
adhC6PINBAN
100 adhC7PINBAN
s

Fig. 2. Detailed representation of the relationships obtained with the DNA
sequences of the Brassicaceae and Pinaceae families.

Table 1
Parameter estimates and log-likelihood values under models of variable w ratios
among sites

Model  Parameters / Sites indicating
positive selection
MO =0.07383 —6025.028641  No
Ml @=0.05640, w;=1, —5981.774704  Not allowed
P0=0.94142, p;=0.05858
M2 @=0.05640, w;=1, —5981.774710  No

©2=32.42120, py=0.94142,
21=0.05858, p,=0

M3 ©0=0.00532, ©,=0.09775,
©,=0.38780, py=0.51672,
p1=0.37858, p,=0.10470

M7 p=0.33284, ¢=3.51763

M8 po=1, p=0.33284,
4=3.51763, p,=0,
©=2.88006

—5937.707770  No

—5938.488181  Not allowed
—5938.488499  No

similar dates (14,000—20,000 Mya) for the Brassica—Arabidopsis
divergence. Pollen from close relatives of Cardamine and Bar-
barea is common in Pliocene samples (2.5-5.0 Mya; Mai, 1995).
Koch et al. (2000) estimated the Cardamine and Barbarea
divergence at about 6.0 Mya. Since relatives of Leavenworthia,
C. cardamine and B. vulgaris only have a single Adh copy, the
extra copies in Leavenworthia (Adhs 1, 2 and 3) probably arose
after the origin of this genus. In this taxon Adh3 appears to be
more closely related to Adh2 than to Adhl. Since Adh3 has no
introns, it may be a product of a reverse transcription event
involving a mRNA intermediate. Charlesworth et al. (1998) have
shown that this locus is not closely linked to the other Adh loci.
The species relationships within this family agree with those
obtained by Johnston et al. (2005), using ITS sequences.

All these observations confirm the usefulness of Adh as a
molecular phylogenetic marker and the evidence that there have
been a number of separate duplication events within angios-
perms (e.g., in the peony lineage, in the grasses, etc); therefore,
genes labeled as Adhl, Adh2 and Adh3 in different groups may
not be homologous.

The phylogenetic tree of Fig. 1 clearly shows three primary
lineages corresponding to monocot, dicot, and gymnosperm

Table 2
Coefficients of functional divergence (6) of pairwise comparisons in the alcohol
dehydrogenase gene family

Comparison Group 1 Group 2 0+SE? LRT®
Between forms Poaceae Adh2 Poaceae Adhl  0.729+0.200 13,303
Poaceae Adh2 Fabaceae Adhl 0.552+0.118 21,964

Poaceae Adhl Fabaceae Adhl 0.541+0.137 15,467

Between taxonomic Poaceae Pinaceae 0.549+0.122 20,330
units Poaceae Fabaceae 0.442+0.094 22,198
Poaceae Brassicaceae 0.449+0.120 13,929

Fabaceae Pinaceae 0.436+0.092 22,136

Brassicaceae  Pinaceae 0.505+0.113 19,914

Fabaceae Brassicaceae 0.666+0.097 47,055

All values are statistically significant at P<0.001 or less. Sequences of the
Cyperaceae, Arecaceae, and Paeoniaceae families had incomplete information
for this type of analysis.

* SE stands for standard error.

® LRT: Likelihood Ratio Test.
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genes, the eudicot not forming a monophyletic block. As indi-
cated above, gene duplications have taken place independent-
ly in each of these lineages. All members of the same linkage
group, P. banksiana AdhCl, AdhC2, AdhC3, AdhC4, and
AdhC5 form a strongly supported lineage, while 4dhC6 and
AdhC?7, of other linkage group according to Perry and Furnier
(1996), fall outside of it (Fig. 2). Duplication seems a recurrent
theme within the P. banksiana Adh gene family. Not only are
there more Adh genes than have been found in most an-
giosperms, but also repeated sequences within the genes are
much more common. This pattern could represent one com-
ponent contributing to the unusually large conifer genome sizes
(Perry and Furnier, 1996). The Adh tissue specificity and reg-
ulated stress response may result in a unique pattern of evolution
for this gene family.

A

Second
Zinc
Atom

Second
Zinc
Atom

3.2. Selection and functional diversification

Nonsynonymous rate differences appear to be common among
members of plant multigene families. Gaut et al. (1999) found that
Adh2 sequences evolve significantly more rapidly than Adhl
sequences at nonsynonymous sites, but evolve with similar
synonymous rates. Adhl and Adh2 differences in nonsy-
nonymous rates could be fueled either by adaptative substitution
events or by reduced selective constraints against duplicate gene
copies.

Positive selection can be detected by the ratio of nonsynon-
ymous to synonymous substitution rates (w=dn/ds). Table 1
lists the parameter estimates and log-likelihood values under
models of variable w between sites and those obtained with the
MO model (one-ratio), which assumes the same ratio for all sites.

Subunit-Subunit
interacting segment

i Active Site

Subunit-Subunit
interacting segment

! Ny~ Active Site

Fig. 3. Localization of the amino acid residues presumably submitted to altered functional constraints: A. after Adh1/Adh2 gene duplication, cut-off value: O(k) > 0.85,
plus three (Cys105, Vall08, Asp114) with Q(k) > 0.8 located in a strategical position of the molecule; B. after diversification among botanical families, cut-oft value:

0(k)>0.85.
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Table 3
Amino acid residues important for the functional divergence between Adh/ and
Adh2

Amino acids residues Secondary structure of A. blepharophylla

25 s (Val23)
41 s (I1e39)
45 s (Phe43)
62 1 (Thr60)
64 1 (Leu62)
79 s (Val75)
109 h (Cys105)
112 1 (Vall08)
118 1(Asp114)
133 1 (Gly129)
170 1 (Asp166)
178 h (Ile174)
183 h (Leul79)
185 h (Thr181)
190 h (Thr186)
200 s (GIn196)
204 s (I11e200)
221 h (Ala217)
229 s (Val225)
233 1 (Ser229)
234 h (Lys230)*
236 h (Phe232)
238 h (Glu234)
240 h (Lys236)
259 h (Glu255)
263 h (Glu259)
279 h (Val275)
285 h (Ala281)*
329 1 (Tyr325)*
337 h (Gly333)

In bold amino acid residues with Q(k)>0.85, and (*) indicates those found
using O(k)=0.9 as a cut-off value; s: strand; 1: loop; h: helix.

None of the estimates are significantly higher than 1.0;
consequently, there is no indication that adaptative selection
contributed to the Adhl/Adh2 differences in nonsynonymous
rates. However, the test detects only a limited set of adaptative
selection events. To further investigate whether any amino acid
replacement could have led to adaptative functional diversifica-
tion, we examined the amino acid replacements that distinguish
the Adh sequences by posterior analysis using the DIVERGE
program. The coefficients of functional divergence 6 estimated
between the Adhl and Adh2 gene groups reported in Table 2
indicate statistically significant site-specific shift of evolutionary
rates between them, with 6 varying markedly from 0.541 to
0.729. Moreover, the 6 of the Adh genes considering different
botanical families is significantly greater than zero (0.436—
0.666), suggesting that altered functional constraints may have
taken place at some amino acid residues after their diversification.

The amino acids responsible for the functional divergence
after gene duplication or after speciation can be predicted
based on a site-specific profile by choosing a suitable cut-off
value. We used three cut-off values: Q(k) > 0.8, Q(k)>0.85 and
O(k)=0.9. These residues were mapped onto the three-dimen-
sional structure of the A. blepharophylla ADH which we have
modeled.

Of course, there is no present direct evidence of different
functions between plant ADH1 and ADH2 proteins or between

these proteins in diverse botanical families. But the diversification
process which occurred in these substances along evolution in
general indicates their variability. For instance, Ho6g et al. (2001)
mentioned that in addition to ethanol oxidation, they may be
involved, in different organisms, with norepinephrine, dopamine,
serotonin, and bile acid metabolism.

3.3. Molecular modeling

We have modeled the alcohol dehydrogenase three-dimen-
sional structure from A. blepharophylla (adhARABLE). The
degree of identity between the sequence of the selected template
and that of 4. blepharophylla was around 48%, with 23%
showing strong similarity.

Table 4
Amino acid residues important for the functional divergence among different
botanical families

Amino acids residues Secondary structure of A. blepharophylla

45 s (Phed43)
49 1 (Cys47)
57 h (Glu55)
64 1 (Leu62)
82 s (Val78)
90 1 (Ala86)
112 1 (Vall08)
118 1 (Aspl114)*
125 1 (Glul2l)
127 1 (Gly123)
128 1 (Gly124)
130 1 (Ile126)
131 1 (His127)*
133 1 (Gly129)*
135 1 (Ser131)
139 s (Ile135)
161 s (Serl57)
178 h (Ile174)
187 h (Leul83)
188 h (Gly184)
190 1 (Thr186)
194 1 (Ala190)
209 h (Ala205)
213 h (Ala209)
219 h (Arg215)
221 h (Ala217)
224 1 (Ser220)
236 h (Phe232)
237 h (Asp233)
241 h (Lys237)
271 s (Arg267)
279 h (Val275)
295 s (Leu294)
303 1 (Ser299)*
310 1 (Thr306)*
311 1 (His307)*
313 h (Met309)
315 1 (Phe311)*
317 1 (Asn313)*
337 h (Gly333)
338 h (Val334)
344 h (Asn340)

In bold amino acid residues with Q(k)>0.85, and (*) indicates those found
using Q(k)=0.9 as a cut-off values; s: strand; I: loop; h: helix.
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Ten models were initially created, and they were analyzed
using the PROCHECK and VERIFY-3D programs, together
with the values of the root mean square deviations (RMSD).
The Ramanchandran plots confirmed the excellent quality of the
initial models, with the percentage of residues in most favoured
and additional allowed regions being no lower than 99.7%. The
RMSD between the backbone atoms of the template and the
model was 0.2 A, where the differences in the loop regions
account for the largest differences. The stereochemical para-
meters and the VERIFY-3D results are presented as Supple-
mentary material (Table 2A, Fig. 1A). Taken together, these data
suggest that the models were stereochemically valid, and,
therefore, suitable for further sequence—structural analysis.

The residues which are important for the functional di-
vergence were mapped onto the alcohol dehydrogenase 3D
structure obtained (Fig. 3A and B). The number of amino acid
residues presumably submitted to altered functional constraints
is smaller when the ADH1 and ADH2 groups are compared
than in the comparison between different botanical families.
The probably selected sites are located both inside and on the
surface of the 3D structure. Thirty amino acid residues can be
identified as being important for the functional divergence in the
case of the ADH1/ADH2 comparison using Q(k) > 0.8 as a cut-
off value, twelve using Q(k) > 0.85 and three using O(k)=>0.9
(Table 3); while 42 amino acids residues are found comparing
different botanical families using Q(k) > 0.8, 24 using O(k) > 0.85
and eight using Q(k)=>0.9 as cut-off values (Table 4). Three
residues identified as being significantly divergent between
ADHI and ADH2 (Cys105, Val108 and Aspl14) are located in
functionally important regions, near a part of the loop around the
second zinc atom. Lys230, Phe232, and Val275 are near the active
site (Fig. 3A). As for the divergent residues among different
botanical families, residues Cys47 and Glu55 are found in a
segment adjacent to the active site, residues Vall08, Aspll14,
Glul21, Gly123, Gly124 and Ile126 are in the loop around the
second zinc atom, and residues Leu294, Ser299 and Thr306 are in
a subunit—subunit interacting segment.

Considering these findings as a whole, we obtained evidence
for variation in three key areas of the enzyme: (a) the loop around
the second zinc atom, an important cofactor for the enzyme’s
function; (b) the subunit—subunit interacting segment, responsible
for the dimmer formation; and (c) the active site, that interacts
with the substrate. All these results point to natural selection as an
important factor in the evolution of this protein.
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SUPPLEMENTARY MATERIAL

Table 1A

Alcohol dehydrogenase sequences considered, their NCBI accession numbers, and the

species from which they were obtained

Accession

Botanical families Adh type numbers Species
Poaceae Adh1 adh1ORYLAT AAF37784 Oryza latifolia
adh1ORYALT AAF37781 Oryza alta
adh1ORYGRA AAF37403 Oryza grandiglumis
adh1ORYEIC AAO42684 Oryza eichingeri
adh1ORYRHI AA042680 Oryza rhizomatis
adh1ORYOFF AAO42679 Oryza officinalis
adh1ORYMIT AAF37401 Oryza minuta
adh1ORYNIV AAF37389 Oryza nivara
adh1ORYSCH AAF37411 Oryza schlechteri
adh1ORYMEY AAF37415 Oryza meyeriana
adh1ORYGNU AAF37416 Oryza granulata
adh1ORYRID AAF37413 Oryza ridleyi
adh1ORYLON AAF37414 Oryza longiglumis
adh1ORYCOA AAF37412 Oryza coarctata
adh1ORYBRA AAF37417 Oryza brachyantha
adh1ORYRUF BAC87775 Oryza rufipogon
adh1ORYGLU BAC87778 Oryza glumipatula
adh1ORYMER BAC87779 Oryza meridionalis
adh1ORYSAT BAC87776 Oryza sativa
adh1ORYPUN AAF37396 Oryza punctata
adh1ORYAUS BAC87780 Oryza australiensis
ORYBAR BAC87777 Oryza barthii
adh1HORVUL P05336 Hordeum wulgare
adh1HORVULVUL2 AF253472 Hordeum vulgare subsp. vulgare
adh1ZEADIP AAAT4637 Zea diploperennis
adh1ZEALUX AAA74639 Zea luxurians
adh1ZEAMAY CAA27682 Zea mays
adh1MISSINF CAD56722 Miscanthus sinensis var. Formorsanus
adh1MISFLO CAD56717 Miscanthus floridulus
adh1MISTRA CAD56756 Miscanthus transmorrisonensis
adhMISSINGL CAD56726 Miscanthus sinensis f. glaber
adh1BAMMUL AAB71522 Bambusa multiplex
adhPENGLA AJ311047 Pennisetum glaucum
adh1ZIZVIL AAF37420 Zizaniopsis villanensis
adh1LEEPER AAF37419 Leersia perrieri
adh1RHYSUB AAF37418 Rhynchoryza subulata
Adh2 adh20ORYGRA AAF37783 Oryza grandiglumis
adh20RYRHI AAF37778 Oryza rhizomatis
adh20RYALT AA042696 Oryza alta
adh20RYEIC AAF37779 Oryza eichingeri
adh20RYMIT AAF37780 Oryza minuta
adh20ORYAUS AAF37786 Oryza australiensis
adh20RYRID AAF37787 Oryza ridleyi
adh20RYSCH AAF37789 Oryza schlechteri
adh20RYLON AAF37788 Oryza longiglumis
adh20RYNIV AAF37768 Oryza nivara
adh20ORYBAR AAF37772 Oryza barthii
adh20RYOFF AA042689 Oryza officinalis
adh20ORYBRA AAF37795 Oryza brachyantha
adh20RYCOA AAF37791 Oryza coarctata
adh20ORYMEY AAF37793 Oryza meyeniana
adh20ORYGNU AAF37794 Oryza granulata
adh20RYGLU BAE00047 Oryza glumipatula
adh20RYRUF BAE00043 Oryza rufipogon
adh2ZEAMAY P04707 Zea mays
adh20RYSAT BAE00044 Oryza sativa
adh20RYPUN AAF37775 Oryza punctata
adh2HORVULVUL P10847 Hordeum vulgare subsp. vulgare
adh2HORVULSPO AA024260 Hordeum vulgare subsp. spontaneum
adh20ORYMER BAE00049 Oryza meridionalis
adh2z1zVIL AAF37798 Zizaniopsis villanensis
adh2LEEPER AAF37797 Leersia perrieri
adh2RHYSUB AF37796 Rhynchoryza subulata
Adh3 adh3HORVULVUL CAA31231 Hordeum vulgare subsp. vulgare

adh3HORVULSPO AAG42522 Hordeum vulgare subsp. spontaneum
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Table 1A (Cont.)

Accession

Botanical families Adh type numbers Species
Cyperaceae Adh1 adh1CARLUC AAV66036 Carex lucorum var. lucorum
adh1CARTRUG AAV66013 Carex tonsa var. rugosperma
adh1CARCCO AAV66016 Carex communis var. communis
adh1CARDDE AAV66019 Carex deflexa var. deflexa
adh1CARPEC AAV66024 Carex peckii
adh1CARINO  AAV66009 Carex inops subsp. inops
adh1CARFLO AAV66015 Carex floridana
adh1CARPEN  AAV66022 Carex pensylvanica
adh1CARTON AAV66025 Carex tonsa var. tonsa
adh1CARSER AAV66008 Carex serpenticola
adh1CARROS AAV66027 Carex rossii
adh1CARBRE AAV66005 Carex brevicaulis
adh1CARGLO AAV66010 Carex globosa
adh1CARGEO AAV66018 Carex geophila
Adh2  adh2CARSER AAV66044 Carex serpenticola
adh2CARINO  AAV66055 Carex inops subsp. inops
adh2CARROS AAV66056 Carex rossii
adh2CARGLO AAV66046 Carex globosa
adh2CARLUC  AAV66036 Carex lucorum var. lucorum
adh2CARPEN  AAV66051 Carex pensylvanica
adh2CARDDE  AAV66054 Carex deflexa var. deflexa
adh2CARCCO AAV66049 Carex communis var. communis
adh2CARBRE  AAV66035 Carex brevicaulis
adh2CARTRUG AAV66048 Carex tonsa var. rugosperma
adh2CARGEO AAV66053 Carex geophila
Fabaceae Adh1 adh1GLYMAX2 AAC62469 Glycine max
adh1GLYMAX AAN03476 Glycine max
adh1LOTCOR CAG30579 Lotus corniculatus var. japonicus
adh1SOPFLA BAD91183 Sophora flavescens
adh1PHAFOL 223170 Phaseolus acutifolius
adh1PEA P12886 Pisum sativum
adhTRIREP X14826 Trifolium repens
Adh2  adh2WISFLO BAD91186 Wisteria floribunda
Paeoniaceae Adh1  adh1BPAESUF AAB63520 Paeonia suffruticosa subsp. spontanea
adh1BPAEROC AAB63519 Paeonia rockii
adh1BPAELUT AAB63518 Paeonia lutea
adh1BPAEDEL AAB70172 Paeonia delavayi
adh1APAESUF AAC12907  Paeonia suffruticosa subsp. spontanea
adh1APAESZE AAB63514 Paeonia szechuanica
adh1APAEROC AAB81208 Paeonia rockii
adh1APAELUT AAB81207 Paeonia lutea
adh1APAEPAR AAF04344 Paeonia parnassica
adh1APAETEN AAB63515 Paeonia tenuifolia
adh1APAEVElI AAB63516 Paeonia veitchii
adh1APAEANO AAB81247 Paeonia anomala
adh1APAESIN AAF04338 Paeonia sinjiangensis
adh1PAEOFF  AAK50892 Paeonia officinalis
adh1APAEARI  AAF04340 Paeonia arietina
adh1APAECAL AAB63512 Paeonia californica
Adh2  adh2PAESUF AAB70177  Paeonia suffruticosa subsp. spontanea
adh2PAEOFF  AAK50895 Paeonia officinalis
adh2PAELUT  AAB70175 Paeonia lutea
adh2PAESZE AAB70178 Paeonia szechuanica
adh2PAEROC  AAB70180 Paeonia rockii
adh2PAEHUM  AAF37598 Paeonia humilis
adh2PAEARI  AAF37595 Paeonia arietina
adh2PAETEN  AAB70182 Paeonia tenuifolia
adh2PAEANO  AAB70181 Paeonia anomala
adh2PAEPAR  AAF37600 Paeonia parnassica
adh2PAEVEI  AAB70184 Paeonia veitchii
adh2PAECAL AAB70174 Paeonia californica
adh2PAEDEL AAB70176 Paeonia delavayi

adh2PAESIN  AAF37594 Paeonia sinjiangensis




TablelA (Cont.

. - Accession .
Botanical families Adh type numbers Species
Arecaceae AdhA adhAWASROB AAB39598 Washingtonia robusta
adhAPHOREC AAB17256 Phoenix reclinata
AdhB adhBWASROB AAB39597 Washingtonia robusta
AdhC adhCALUSI AAB17255 Calamus usitatus
Pinaceae AdhC1 adhC1PINBAN AAC49539 Pinus banksiana
AdhC2 adhC2PINBAN AAC49540 Pinus banksiana
AdhC3 adhC3PINBAN AAC49541 Pinus banksiana
AdhC4 adhC4PINBAN AAC49542 Pinus banksiana
AdhC5 adhC5PINBAN AAC49543 Pinus banksiana
AdhC6 adhC6PINBAN AAC49544 Pinus banksiana
AdhC7 adhC7PINBAN AAC49545 Pinus banksiana
Brassicaceae adhCRUHIM BAA34681 Crucihimalaya himalaica
adhARATHA CAA54911 Arabidopsis thaliana
adhARALYRKAW  BAA34679  Arabidopsis lyrata subsp. kawasakiana
adhARAFLA BAA34678 Arabis flagellosa
adhBARVUL AF110458 Barbarea vulgaris
adhCARAM AF110430 Cardamine amara
adhBRAOLE AB015508 Brassica oleraceae
adhARAPROC AAF23552 Arabis procurrens
adhARAJAC AF110446 Arabis jacquinii
adhARABLE AAF23531 Arabis blepharophylla
adhARASTE BAA34676 Arabis stelleri
adhARAHIR AF110443 Arabis hirsuta
adhARABLY AAF23551 Arabidopsis lyrata subsp. petraea
adhARALYRLYR  AAF23547 Arabidopsis lyrata subsp. lyrata
adhARAHAL AAF23540 Arabidopsis halleri
adhOLIPU BAA34682 Olimarabidopsis pumila
adhARAGRI AF110440 Arabidopsis griffithiana
adhCRUWAL BAA34684 Crucihimalaya wallichii
adhARAGLA AAF23537 Arabis glabra
adhARADRU AAF23535 Arabis drummondii
adhARAFEN AAF23536 Arabis fendleri
adhARALYA AAF23546 Arabis lyallii
adhARAPAR AAF23548 Arabis parishii
adhARALIG AAF23545 Arabis lignifera
adhHALPER AAF23539 Halimolobos perplexea var. lemhiensis
adhARAALP AAF23527 Arabis alpina
adhAUBDEL AAF23523 Aubrieta deltoidea
adhARATUR AF110457 Arabis turrita
Adh1 adh1LEASTY AAC79422 Leavenworthia stylosa
adh1LEACRA AAC79420 Leavenworthia crassa
adh1LEAUNI AF037557 Leavenworthia uniflora
Adh2 adh2LEAUNI AAC79370 Leavenworthia uniflora
adh2LEACRA AAC79368 Leavenworthia crassa
adh2LEAST AAC79416 Leavenworthia stylosa
Adh3 adh3LEAUNI AAC79419 Leavenworthia uniflora
adh3LEACRA AAC79417 Leavenworthia crassa

adh3LEAST AAC79418 L eavenworthia stylosa
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SUPPLEMENTARY MATERIAL

Table 2A

Quality of main-chain and side-chain parameters of the modeled 4. blepharophylla Adh

Comparison values

. . . N idth:
Stereochemical parameters N°ofdatapts  Parameter value  Typical value Band width 0 de bandwidths

from mean
Main-chain
% residues in A, B, L 318 94 89.6 10 0.4
Omega angle SD 378 5.2 6 3 0.3
Bad contacts / 100 residues 12 3.2 0.7 10 0.2
Zeta angle SD 339 1.7 3.1 1.6 -0.9
H-bond energy SD 228 0.7 0.6 0.2 0.4
Overall G-factor 379 0.1 0 0.3 -0.2
Side-chain
Chi-1 gauche minus SD 57 8 10.2 6.5 0.3
Chi-1 trans SD 90 10.1 12.6 53 -0.5
Chi-1 gauche plus SD 145 8.1 11 4.9 0.6
Chi-1 pooled SD 292 8.8 11.5 4.8 -0.6
Chi-2 trans SD 81 9.1 15.7 5 -1.3

SD, standard deviation; pts, points.



SUPPLEMENTARY MATERIAL

Verify_3D

ged Scores

3D 1D Avera

0.2 51 701 157 201 2571 307 351
Amino acid residues

—adhARABLE

Fig. 1A. VERIFY-3D evaluation of the Arabis blepharophylla three-dimensional model.
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Abstract

The plant alcohol dehydrogenases (ADHs) have been intensively studied in the last
years in terms of phylogeny and they have been widely used as a molecular marker.
However, almost no information about their three-dimensional structure is available.
Several studies point to functional diversification of the ADH, with evidence of its
importance, in different organisms, in the ethanol, norepinephrine, dopamine, serotonin,
and bile acid metabolism. Computational results demonstrated that in plants these enzymes
are submitted to a functional diversification process, which is reinforced by experimental
studies indicating distinct enzymatic functions as well as recruitment of specific genes in
different tissues. The main objective of this article is to establish a correlation between the
functional diversification occurring in the plant alcohol dehydrogenase family and the
three-dimensional structures predicted for 17 ADH belonging to Poaceae, Brassicaceae,
Fabaceae, and Pinaceae botanical families. Volume, molecular weight and surface areas
are not markedly different among them. Important electrostatic and pl differences were
observed with the residues responsible for some of them identified, corroborating the
function diversification hypothesis. These data furnish important background information

for future specific structure-function and evolutionary investigations.
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Introduction

The alcohol dehydrogenase (ADH) proteins belong to the medium-chain
dehydrogenases/reductases (MDR) superfamily which has almost 1000 members spread in
all types of organisms. MDR-ADH have been described in bacteria, archaea, yeast, plants
and animals, and have been additionally implicated in ethanol oxidation, norepinephrine,
dopamine, serotonin and bile acid metabolism (H66g et al. 2001), as well as in the in vitro

and in vivo oxidation of retinol (Boleda et al. 1993; Martras et al. 2004).

Alcohol dehydrogenases (ADHs) are dimeric enzymes of the glycolytic pathway
which encode two types of enzymes, one characterized by short protein chains (~250
residues), represented by Drosophila ADHs, which do not require zinc as a cofactor; and
another characterized by long protein chains (~370 residues), represented by ADHs from
organisms as diverse as mammals, plants and yeasts, which require zinc as a cofactor, and
are called class P in dicot and monocot plants. The highest specificity of the ADHs among
the latter is for ethanol, aldehyde, and acetaldehyde substrates, but they can also utilize

other primary alcohols as well (Garabagi et al. 2005).

The catalysis, NAD interactions, evolution, and conformational changes of ADHs
have been investigated (Eklund and Bridnden 1979; Danielsson et al. 1994; Persson et al.
1994), using three-dimensional structures from the horse liver and focusing on the analysis
of the differences among the enzymes of distinct species. Other studies have considered
plant Adh evolution (Chang and Meyerowitz 1986; Gaut and Clegg 1993; Perry and
Furnier 1996; Morton et al. 1996; Miyashita et al. 1998; Charlesworth et al. 1998; Gaut et
al. 1999; Koch et al. 2000; Lin et al. 2001). Plant Adh transcription has been demonstrated

to increase by environmental stresses such as low oxygen levels, dehydration, low
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temperatures, and in response to the ABA phytohormone (Dolferus et al. 1994). The
activation of the fermentation pathway compensates the decrease of the Tricarboxylic Acid
Cycle function and of oxidative phosphorilation, regenerating NAD' and producing
energy. Phylogenetic studies indicated two or three isozymes, sometimes more than three,
in all flowering dicot and monocot plant species, except in Arabidopsis, where a single Adh
locus is found. Differences in Adhl alleles specific activity were detected in maize, while
different patterns of tissue-specific expression were observed in the Adhl and Adh2 loci
(Gaut and Clegg 1993; Gaut et al. 1999). However, no consideration was given to the
relationship between structure and evolution, since there was no three-dimensional model
of the plant alcohol dehydrogenases available. Gaut et al. (1999) assumed that the horse
and plant ADH structures were similar and mapped some amino acid replacements of plant
onto the horse secondary structure. Actually, there is a powerful method to model protein
three-dimensional (3D) structures, which makes easier to locate the amino acid residues
important to the functional diversification of enzymes and predict substrate preferences.
This method (comparative protein structure modeling) estimates the 3D structure of a
given protein sequence based on its alignment to one or more templates (Marti-Renom et

al. 2000).

Experimental studies have shown the ADH involvement in additional metabolic
pathways in plants, indicating putative distinct enzymatic functions during tobacco’s
pollen tube growth (Bucher et al. 1995) and seed storage (Zhang et al. 1994, 1995a, 1995b,
1997), in potato’s pollinated pistils (van Eldik et al. 1997) and in Petunia’s seed

detoxification (Garabagi et al. 2005).
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We recently proposed the first plant ADH three-dimensional model using Arabis
blepharophylla data (Thompson et al. 2007), obtaining evidence for variation in the
subunit-subunit interacting segment, active site and the loop around the second zinc atom.
The present work provides 16 other 3D structures, which are considered together with the
first described especially in relation to their electrostatic and pl properties. The amino
residues theoretically important to the functional divergence among the Poaceae,
Brassicaceae, Fabaceae, and Pinaceae modeled ADHs were indicated, as well as those
between ADH subtypes, and their position in the 3D structure evaluated to contribute to

the elucidation of their functional divergence and molecular evolution.
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Materials and methods

Source of the data and sequence alignment

A total of 16 alcohol dehydrogenase sequences were retrieved from the National
Center of Biotechnology Information (NCBI) and added to a previous one reported by
Thompson et al. (2007). They are listed in Table 1. As indicated there, the 12 species from
which they were isolated could be classified in four botanical families. Representatives
from ADHI1, ADH2 and ADH3 proteins were considered. The ClustalW program
(Jeanmougin et al. 1998) was used to perform the alignments, which were inspected and
manually changed when necessary using GeneDoc 2.6 (Multiple Sequence Alignment

Editor & Shading Utility) (Nicholas and Nicholas 1997).

Modeling

Three-dimensional structures for the 17 ADH enzymes were built using the Equus
caballus liver form (PDB code I1N8K) as a template, obtained through Blastp (Altschul et
al. 1990, 1997). Its structure has been solved to a 1.13 A resolution (Rubach and Plapp
2003). The ClustalW program (Thompson et al. 1994) was employed to perform the amino
acid sequence alignments, using the BLOSUM®62 matrix (Henikoff and Henikoff 1992) for
scoring. The penalties for gap opening and gap extension were 10.0 and 0.2, respectively.
The GeneDoc 2.6 program (Nicholas and Nicholas, 1997) was used to plot the percent
identity of the sequences and manually adjust the alignment. The plot is created by sorting
the data to be plotted into ascending order. For each data point the fraction of data points
which have the same or a smaller value is computed. The data is then compressed to
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eliminate multiple points with the same value. The highest value is retained during the

compression.

The protein models were obtained through MODELLER 8v2 (Sali and Blundell
1993), which implements an approach to comparative protein structure modeling by
satisfaction of spatial restraints. The best model was selected using PROCHECK
(Laskowski et al. 1993) and VERIFY-3D (Liithy et al. 1992). The PROCHECK program
calculates the stereochemical parameters of the main and side-chains, the residues in the
most favored regions, bond lengths and the angle’s standard deviation. VERIFY-3D
evaluates the compatibility of a 3D model with the amino acid sequence considered using a
3D profile. Each residue position in the 3D model is characterized by its location and
environment (alpha, beta, loop, polar, nonpolar, etc), and it is represented by 20 numbers in
the profile. These numbers are called 3D _1D scores. The residue environments are defined
by three parameters: the residue area that is buried, the fraction of side-chain area that is
covered by polar atoms (O and N), and the local secondary structure. If the model is
correct, the sum of the 3D profile scores is high, preferentially above zero. The protein
signatures were obtained using a database of protein domains known as PROSITE
(Gattiker et al. 2002). The protein volumes and surface areas were calculated according to
the Richards' Rolling Probe Method (Richards 1974, 1977), using the 3V program (Voss
Volume Voxelator) (Voss 2006), with a 1.5 A probe radius and a high grid resolution (0.5
A). The theoretical isoelectric point and molecular weight were obtained using the
ExPASy Tools available at http://ca.expasy.org/tools/pi_tool.html (Gasteiger et al. 2005).
Koch et al. obtained a value (5.81) not significantly different from our results (5.65) for the

Arabis blepharophylla ADH isoelectric point.
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The Swiss PDB Viewer (Guex and Peitsch 1997) was used to calculate the root
mean square deviation (RMSD) between the template and the model and also to compute
the electrostatic potential using the Coulomb method, as well as to draw all the figures and
to generate the molecular surface. The nicotinamide-adenine-dinucleotide (acidic form)
and two zinc atoms present in the PDB IN8K code were located in the modeled three-
dimensional structures using its fitting tool. The theoretical models are available upon

request.

Functional divergence analysis

The amino acid residues responsible for the functional divergence of the plant
ADHs were predicted based on site-specific profiles in combination with suitable cut-off
values derived from the posterior probability of each comparison, using Gu’s (2001)
methodology, as in our previous analysis (Thompson et al. 2007). It is known that
functional changes are highly correlated to variations in the evolutionary rates occurring
during a certain period of time. Therefore, the identification of the residues submitted to
this process in our material were evaluated by finding sites with very different patterns

(e.g., very few changes in one cluster but many in the others).

The site-specific profile to identify responsible amino acid sites uses a Ok to be the
posterior probability that site & is in state S1 (0 < Qk < 1). A large Ok indicates a high
possibility that the functional constraint (or the evolutionary rate) of a site is different
between two clusters. We used three cut-off values, equal to or above respectively 0.80,

0.85, and 0.90.
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Results

Sequence alignment and modeling

The results obtained with the multiple alignments are presented in Fig. 1, and they
show high similarity among the sequences. The degree of identity between the sequence of
the selected template and the models was around 48%. In general, the number of gaps in
the template’s primary sequence is very low (Fig. 1), so it does not significantly affect the
comparative molecular modeling. The inserted region of the alignment (Fig. 1 — positions
75 up to 83), which do not have an equivalent segment in the template, was modeled in the
context of the whole molecule, using its primary sequence alone. The percent identity of
the sequences is presented in Fig. 2. All target proteins have the signature of the zinc
alcohol dehydrogenase family, which has a consensual pattern corresponding to G-H-E-
X(2)-G-X(5)-[GA]-X(2)-[IVSAC]. Ten models were initially created, and they were
considered using PROCHECK and VERIFY-3D, as well as the root mean square

deviations (RMSD).

The stereochemical parameters used to verify the quality of the models are listed in
Tables 1S-3S (Electronic Supplementary Information). In relation to the main-chain, of the
six parameters considered, only the average of bad contacts per 100 residues show some
differences among the families considered, the number in the Brassicaceae being higher
(8.17) than in the Poaceae, Fabaceae, or Pinaceae (7.57, 6.00, and 7.00), respectively. The
figures for the side-chains show better fit (smaller numbers) in relation to Chil gauche (-),
Chil-trans, and Chi-pooled SD for the Brassicaceae, the Poaceae model also comparing
favorably in relation to the others for Chi-1 gauche (+), Chil pooled SD and Chi-2 trans.

The mean of percentage of amino acid residues in most favored regions according to the
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Ramachandran plot shows variation from 91.67% (Poaceae) to 93.2% (Fabaceae), which is
not significant since all results above 90% are considered of good quality. No model value

was lower than 90.8%, confirming the excellent quality of the initial models.

Taken together, these data suggest that the models were stereochemically valid. It is
important to observe that the G factor measures how “normal” is a given stereochemical
property, considering the torsion angles and the bond lengths in the main chain. Therefore,
when applied to a specific residue, a low G factor indicates that the property corresponds to
a low probability of conformation. A G factor value smaller than -1.0 could indicate
geometry problems. In this work, all G factor results are near -0.1 (Tables 1S-3S,
Supplementary Information). Observing the VERIFY 3D (Figures 1S-3S, Supplementary
Information) results, we can see that the sum of 3D profile scores is high in all cases. The
region near the 301 amino acid residue, however, shows the smaller 3D 1D average scores
for all botanical families, which means that this is most likely the area with the higher

number of structural problems. In a general way, the graphics show a similar pattern.

Number of residues, molecular weight, surface area, and volume

Information concerning these four variables is shown in columns 3-6 of Table 2.
Brassica oleraceae (1BRAOLE) has a reduced number of amino acids (350), conditioning
also lower values for the molecular weight and volume. The opposite occurs in IZEAMAY
which presents the highest number of residues (388). No clear differences in relation to

these variables were observed in the ADHs of different botanical families.
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Electrostatic and pl differences

The molecular surface of this protein is electrostatically polarized (Figs. 3-5). The
Brassicaceae have the most acid ADH proteins when compared to the other families (Table
2), with Brassica oleraceae (1BRAOLE) having the most negative pl (5.47) value,
followed by Arabis blepharophylla (2ARABLE; 5.65), Arabis griffthiana (1ARAGRI;
5.69), and Arabis parishii (1ARAPAR; 5.88). The regions of the active site, the second
zinc atom, and of the subunit-subunit interacting segment (middle portion, upper and lower
right region of the figures, respectively) show the greatest differences (Fig. 3). These
proteins have a pl value significantly different from those of the Leavenworthia proteins

(2LEAST and 3LEAST), which show pl values equal to 6.37 and 6.40, respectively.

Considering now the Poaceae group (Table 2 and Fig. 4), it is seen that the ADH1
forms ITHORVUL and 10RYSAT (pI 6.28 and 6.20; nos. 1 and 4 in the Figures) are more
basic than the ADH2 forms of the same species (respectively 5.52 and 6.04; nos. 2 and 5 in
the Figure), the same occurring in Zea mays (6.43 and 5.72, nos. 6 and 7 in the Figure).
The most significant differences in electrostatic potential is in the region near the second
zinc atom and in the subunit-subunit interacting segment (upper and lower right, Fig. 4), a

smaller contrast being observed in the active site region.

The pl values for the Fabaceae are not much different (Table 2). However, there is
a different concentration of negative charges between the models, the subunit-subunit
segment of Lotus corniculatus (Fig. 5.1) showing a clear difference from the other two
(Figs. 5.2 and 5.3). The Pinus banksiana model have a pl value of 5.91 (Table 2), and the

protein has the negative charges concentrated in the active site region (Fig. 5.4).
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Functional divergence analysis

Sites showing Ok values above 0.8 and therefore suggestive of being associated
with functional divergences are listed in Table 3 for the comparisons involving different
botanical families (60 sequences considered); while in Table 4 the comparisons are
between the ADH1 and ADH2 forms. Data related to ADH3 could not be used for this
analysis because the number of sequences available was less than those needed for

statistical comparisons (Gu and Vander Velden 2002).

Concentrating our attention to the comparisons which yielded Ok > 0.9 only, we
see that in the Brassicaceae vs. Fabaceae contrast, three residues which occur in loops
(133, 303, 310) (Table 4S) show different amino acid conservation, the same being true for
two others (315, 337) that are located in helices (Table 4S). Positions 133 (Gly), 303 (Ser),
and 337 (Gly) are conserved within Brassicaceae, but highly divergent in Fabaceae (133:
Asn, Gly, Ser; 303: Asn, Ser, Lys; 337: Asn, Leu, Ser, Gly) (Table 3). The three Fabaceae
modeled show variability in position 303 only (Table 4S). In the Poaceae vs. Fabaceae
comparative analysis, two amino acid residues of loop regions (118, 133) and one in the
helix secondary structure (236) (Table 4S) should be considered; while in the Fabaceae vs.
Pinaceae comparison the amino acids to be distinguished are 131 and 133 (loop) and 337
(helix) (Tables 3 and 4S). The Poaceac ADHs present conservation in residues 118 (Asp)
and 133 (Gly), and the six Fabaceae in residue 236 (Phe) (Table 3). Considering the three
Fabaceae ADH modeled, position 118 is variable in the Poaceae vs. Fabaceae, and position

131 in the Fabaceae vs. Pinaceae comparisons (Table 4S).

As presented in Tables 4 and 5S, both in the functional divergence analysis and in

the models, amino acids that show different rates of change between Poaceae’s ADH1 and
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ADH2 are nos. 234 and 263 (in helices) and 329 (loop), ADH2 being conserved for all of
them. In the Poaceae vs. Fabaceae comparison the Poaceaec ADH1s exhibit differences in

residues 263, located in helix and 329, in a loop.

A ribbon representation of one model of each botanical family showing sites
identified as functional divergent (Qk > 0.85) is presented in Figs. 6 and 7. The subunit-
subunit interaction segment seems to be the region with the highest number of functionally
important residues in Brassicaceac and Fabaceae (Figs. 6.1 and 7.1, respectively). In
Fabaceae the amino acids forming helices and loops around the second zinc atom region
are variable (Fig. 7.1). Amino acid changes near the same region distinguish the Poaceae
ADH forms, as well as substitutions in the dimer interaction zone (Fig. 6.2). The same
regions are fundamental for the diversification of Pinaceac ADHs (Fig 7.2). There are also

some differences among all ADHs near the coenzyme region (in green).

Discussion

Alcohol dehydrogenase is an essential enzyme in the anaerobic metabolism, and it
has been widely used as a molecular marker in plants due to its convenient size (2-3kb in
length with a ~1000 nucleotide coding sequence, 10 exons, 9 introns) and low copy
number. The enzyme is important primarily for responses to hypoxic conditions, when its
expression is highly induced. Moreover, it has an important role in fruit ripening, seedling
and pollen development (Small and Wendel 2000). Despite the large number of
phylogenetic investigations performed, no extensive work correlating its sequence and

structure in plants exists.
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Studies in Zea mays have revealed that different alloenzyme types of Adhl exhibit
different specific activity, and distinct pattern of organ-specific gene expression (Schwartz
and Laughner 1969; Freeling and Bennet 1985). An exchange of Tyr for Asp at residue 52,
located in a helix structure in the Adhl-C allele, alters enzymatic properties by reducing
the specific activity. Additionally, amino acid replacements changing the secondary

structure were also reported (Gaut and Clegg 1993).

In humans, ADH is a cytosolic enzyme able to metabolize ethanol and a wide
variety of substrates, including aliphatic alcohols, hydroxysteroids and lipid peroxidation
products. Its catalytic properties are variable. The Adh2 gene may be present as Adh2*1,
Adh2*2, and Adh2*3 encoding for B1, B2, and B3 subunits, respectively, which differ by a
single nucleotide change. The enzyme containing the 1 subunit has high affinity and low
capacity for ethanol, whereas the 2 and B3 forms show lower affinity and higher capacity.
Additionally, the human tissues show measurable different Adh gene expressions (Gemma

et al. 2006).

The proteins modeled in this work are composed by two domains and have a
similar fold. The nucleotide binding domain is formed by a structural motif known as
Rossmann fold (Lesk, 1995), consisting of parallel beta strands linked by alpha helices
(Figs. 6 and 7, region of nicotinamide binding at lower right). The catalytic region
containing residues involved in substrate binding has a zinc atom located deeply in the
cleft formed between the two domains. There are divergent amino acid residues localized
in three important regions (the loop around the zinc atom, an important cofactor for the
enzyme’s function; the subunit-subunit interacting segment, responsible for the dimer

formation; and the active site) which are probably submitted to functional diversification.
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Zinc seems to be important for the catalysis and geometry stabilization of the active site.
These two processes could be achieved by moderating the electrostatic potential near the
substrate or by zinc acting as ligand during the enzyme’s catalysis (Baker et al. 2008).
Thus the residues indicated as functionally divergent near the zinc atom region possibly
have an impact on ADH function. Some residues located near the zinc atom region, such as
109 and 112, which were not previously discussed since they have 0.80 < Ok < 0.85, may
be also candidates for future investigations. The same can be said of 313 that is related to
the subunit-subunit interaction, and residues nos. 49, 62 and 178, present near the active
site. The first helix, located in residues 49 up to 55 using IHORVUL as reference, can
accommodate large movements associated with the loop near the active site (Baker et al.
2008); consequently, amino acid no. 64 (loop) has high probability to contribute to these

movements.

Clearly the modeled proteins show electrostatic potential differences in the
molecular surface. Comparing proteins of same species, ADH1 seems to be more basic
than the ADH2 enzymes. Arabis blepharophylla ADHI1, which was not model, has a
theoretical pl equal to 5.74, greater than the 5.65 from the modeled ADH2, corroborating

the pattern observed between the ADH forms.

Electrostatic interactions have an important role in the structure and function of
biological molecules. Association of proteins in solution and in membranes, enzyme-
substrate complexation, chemical reactions in enzyme active sites, charge transfer, are all
drastically affected by the strength and distribution of the electrostatic field around regions
in biological molecules. The protein-protein interactions are affected by several surfaces

properties, such as cavities, hydrophobic residues, specific interaction residue pockets, and
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electrostatics. This latter has a high potential for functional protein classification (Valeyev,
et al. 2008), since that it plays an important role in the specificity of protein-ligand or
protein-protein interactions. Due to its attractive or repulsive forces, certain protein-protein
interactions could be more or less favorable (Valeyev, et al. 2008). The electrostatic and pl
differences described here most certainly lead to dissimilar functional efficiency, a subject
that is now open for further investigation. Note that the number of plant proteomic papers
is still quite reduced as compared to those of other organisms (only about 3% according to

Jorrin et al. 2007).

It is well-known that variation in a specific DNA region not necessarily correlates
with the evolutionary pattern of the organism as a whole. Our results summarized in Tables
3 and 4 add new information on this point. In a previous study (Thompson et al., 2007),
based on 1155 sites from 176 sequences, we found a close relationship between the
Brassicaceae and Fabaceae families. But it is between them that we find the largest number
of site differences (a total of 33 with Ok >0.80; 20 with Ok >0.85; and five with Ok >0.90).
The other between-family comparisons show much less differences, despite the fact that

they are placed far away in the phylogenetic three (Thompson et al., 2007).

The dissimilarities between the Poaceac ADH1 and ADH?2 [26 sites with Ok >0.80;
six with Ok >0.85; three with Qk >0.90; Table 4] point to the functional differences which
exist between these two forms. Our models clearly differentiate them structurally in H.
vulgare, O. sativa, and Z. mays (Fig. 4). On the other hand, the ADH1 from the Poaceae
and Fabaceae show three sites with clear functional differences. All these findings point to
the subtle quantitative changes that occur at the molecular level as a result of the

evolutionary process.
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Table 1

Alcohol dehydrogenase sequences considered, their NCBI accession numbers, and the

species from which they were obtained'

NCBI

Botanical family  Abbreviation :
accession number

Species

Brassicaceae IBRAOLE BAA34686 Brassica oleraceae
2ARABLE AAF23531 Arabis blepharophylla
1ARAGRI AAF23538 Arabidopsis griffithiana
(Arabidopsis pumila var.
griffithiana)
1ARAPAR AAF23548 Arabis parishii
2LEAST? AACT9416 Leavenworthia stylosa
3LEAST AACT9418 Leavenworthia stylosa
Poaceae IHORVUL AAK49116 Hordeum vulgare subsp. vulgare
2HORVUL P10847 Hordeum vulgare
3HORVUL CAA31231 Hordeum vulgare subsp. vulgare
IORYSAT BAC87776 Oryza sativa subsp. indica
20RYSAT BAE00044 Oryza sativa subsp. indica
IZEAMAY Q5GA23 Zea mays
2ZEAMAY P04707 Zea mays
Fabaceae ILOTCOR CAG30579 Lotus corniculatus
ITRIREP CAA32934 Trifolium repens
IPISSAT P12886 Pisum sativum
Pinaceae 1PINBAN AAC49539 Pinus banksiana

' The number before the sequence identification indicates the ADH subtype (ADHI,

ADH2, ADH3).

> Only a partial sequence of Leavenworthia stylosa ADH1 sequence was described,

preventing its modeling.
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Table 2

Theoretical values obtained for the ADH models and the template from Equus

caballus'
Theoretical values
Botanical families Abbreviation Number of residues Molecular weight (D) Surface area ()1\2) Volume (AS) Isoelectric point

Brassicaceae 1BRAOLE 350 38001.58 14006.5 47976.37 5.47
2ARABLE 379 40994.03 13889.1 51463.00 5.65
1ARAGRI 379 41308.23 13923.9 51977.75 5.69
1ARAPAR 379 41165.19 13729.7 52032.37 5.88
2LEAST 379 41454.79 13613.9 52275.25 6.37
3LEAST 380 41255.52 14081.2 52307.50 6.40

Poaceae 1HORVUL 379 40903.29 13873.0 51820.50 6.28
2HORVUL 373 40511.62 13683.4 51113.75 5.52
3HORVUL 379 41011.48 14243.1 52027.37 6.08
10RYSAT 379 40984.30 13994.8 52085.75 6.20
20RYSAT 379 41176.75 14089.5 52134.00 6.04
1ZEAMAY 388 41975.50 14529.8 53186.50 6.43
2ZEAMAY 379 41054.43 14467.6 52977.87 5.72

Fabaceae 1LOTCOR 380 41096.13 14156.2 51981.75 5.92
1TRIREP 380 41172.33 14336.3 52204.00 6.08
1PISSAT 380 41155.37 14198.7 52050.25 6.09

Pinaceae 1PINBAN 375 40465.59 13794.6 51078.00 5.91

Template AN8K 374 39806.29 13187.4 51493.12 8.31

" The number before the sequence identification indicates the ADH subtype (ADHI,

ADH2, ADH3).
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Table 3

Amino acid residues changes associated with the functional divergence among the

botanical families’

Comparison® Amino acid residue position Amino acid residue
Brassicaceae (31) vs. Poaceae (16) in Brassicaceae in Poaceae
236 F F Y, H
Brassicaceae (31) vs. Pinaceae (7) in Brassicaceae in Pinaceae
271 R Y, C
310 S T
315 F, L F
317 N N,CT,S
Brassicaceae (31) vs. Fabaceae (6) in Brassicaceae in Fabaceae
45 F Y, F
49 csw C
57 E E D
64 L W,R L
82 v, 1, A Vv
90 Q,AK K
112 E VG E
125 E,D D
127 G,V,R G
128 G,V \Y
130 | I, L
133* G N,G,S
135 S S, T
139 | I, K
178 | ()
187 L F, L
188 G, ER G
190 TV,I,P T
194 AV A
213 AG A
219 R, K R
221 A'S S
224 S, G S
237 D,E E
241 K, E K
295 \Y V,L T
303* S N, S, K
310* TS T
311 H H, A N
315* F, L F
337* G N, LS G
338 Vv, I, L v
344 N N, K,R, S
Poaceae (16) vs. Fabaceae (6) in Poaceae in Fabaceae
118* D D,E,N
133* G N,G,S
236* F,Y,H F
279 1,V,A |
Fabaceae (6) vs. Pinaceae (7) in Fabaceae in Pinaceae
131* S,H N S
133* N,G,S G
209 A GATS
271 R Y,C
337* N, LS, G G
Poaceae (16) vs. Pinaceae (7) in Poaceae in Pinaceae
161 \% V,A'S
209 A G ATS
271 R Y,C
313 M v, LI
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'Only sequences which yielded Ok > 0.80 are listed; amino acid residues with Q(k) > 0.85
are in bold face, and those with Ok > 0.90 are distinguished by an asterisk (*). The amino
acid residues are displayed by decreasing order of frequency. Residues in italics are those
with the same frequency. Those in italics and gray have smaller frequencies than the

residues placed before them.

*Numbers in parentheses indicate the number of sequences used in this analysis (data

supplied on request).
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Table 4

Amino acid residues changes associated with the functional divergence between

ADHI1 and ADH2'

. 2 . . . cas
Comparison Amino acid residue position

Amino acid residue

Poaceae ADH1 (9) vs. Poaceae ADH2 (6) Poaceae ADH1 Poaceae ADH2
25 V,S, T S
41 \% V,D, I
45 F, Y Y
62 T, I T
64 VvV, M \%
79 v, | \%
109 CS C
112 A P E
170 A E Q E
178 \% I, L
183 | F, 1
185 T,S T
190 T,S T
200 S QM S
204 I,V |
221 A S, A
229 I,V \
233 A P P
234%* N,S,V A
236 F F,HY
240 R, K K
259 QE E
263* E,D E
285 A C A
329* Y, F Y
337 N N, G
Poaceae ADH1 (9) vs. Fabaceae ADH1 (6) Poaceae ADH1 Fabaceae ADH1
64 V, M L
263* E,D E
329* Y, F Y
Poaceae ADH2 (6) vs. Fabaceae ADH1 (6) Poaceae ADH2 Fabaceae ADH1
41 V,D, I L
118 D D,E, N
133 G N, G,S
221 S, A S
236 F,Y H F
238 Q LE G Q
279 | ,V,A
285 C A A
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'Only sequences which yielded Ok > 0.80 are listed; amino acid residues with Q(k) > 0.85
are in bold face, and those with Ok > 0.90 are distinguished by an asterisk (*). The amino
acid residues are displayed by decreasing order of frequency. Residues in italics are those
with the same frequency. Those in italics and gray have smaller frequencies than the

residues placed before them.

*Numbers in parentheses indicate the number of sequences used in this analysis (data

supplied on request).
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Fig. 1 Multiple alignment of the protein sequences modeled and the template used in the

modeling.

Fig. 2 Percent identity of the ADH sequences. The horizontal axis presents the data values
being plotted. The vertical axis shows the fraction of data points with as small or

smaller a data value.

Fig. 3 View of the surface topology of the Brassicaceae ADH models with the electrostatic
potential represented as red (most negative), white (neutral) and blue (most
positive). Numbers in black refer to the sites identified as showing functional
divergence (Qk > 0.90) among botanical families. Those numbered 315 and 337 are
placed on the other side of the figure and cannot be displayed. Since the molecules

are shown in the same position, only the first was labeled.

Fig. 4 View of the surface topology of the Poaceac ADH models with the electrostatic
potential represented as red (most negative), white (neutral) and blue (most
positive). Numbers in black refer to the sites identified as showing functional
divergence (Qk > 0.90) among botanical families. That numbered 236 is placed on
the other side of the figure and cannot be displayed. The number in blue refers to the
site showing functional divergence (Qk > 0.90) between ADH forms. Sites nos. 234
and 329 are placed on the other side of the figure. Since the molecules are shown in

the same position, only the first was labeled.

Fig. 5 View of the surface topology of the Fabaceae and Pinaceac ADH models with the
electrostatic potential represented as red (most negative), white (neutral) and blue
(most positive). Numbers in black refer to the sites identified as showing functional

divergence (Qk > 0.90) among botanical families. Those numbered 315 and 337 are

85



on the other side of the figure. The number in blue refers to the site showing
functional divergence (Qk > 0.90) between ADH forms. Site no. 329 is on the other
side of the figure. Since the molecules are shown in the same position, only the first

was labeled.

Fig. 6 Ribbon representation of the ADHs three-dimensional structures in the same
orientation shown in Figs. 3-4: (1) 2ARABLE and (2) THORVUL. Numbers in
black refer to the sites identified as showing functional divergence (Qk > 0.85)
among botanical families. Numbers in blue identified sites showing functional
divergence (Qk > 0.85) between ADH forms. Zinc atoms are displayed in blue, and

the nicotinamide-adenine-dinucleotide (acidic form) is shown in green.

Fig. 7 Ribbon representation of the ADHs three-dimensional structures in the same
orientation shown in Fig. 5: (1) 1ILOTCOR and (2) 1PINBAN. Sites showing
functional divergence (Qk > 0.85) among botanical families are in black. Those
showing functional divergence (Qk > 0.85) between ADH forms are in blue.
Residues 133 and 236 are distinguished by an asterisk (*) in ILOTCOR, since they
are important both to the divergence among botanical families and between ADH
forms, as can be seen in Tables 3, 4, 4S, and 5S. Zinc atoms are displayed in blue,

and the nicotinamide-adenine-dinucleotide (acidic form) is shown in green.
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1. Arabis blepharophylla-apH2 2. Arabis griffithiana - ADH1

3. Arabis parishii - ADH1 4. Brassica oleraceae - ADH1
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1. Hordeum vuigare - ADH1

2. Hordeum vulgare - ADH2

Fig. 4
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1. Lotus corniculatus - ADH1

2. Pisum sativum - ADHI1

4. Pinus banksiana - ADH1
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Fig. 5

91



1 Arabis blepharophylla - ADH2
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1 Lotus corniculatus - ADH1
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2 Pinus banksiana - ADH1

Fig. 7
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Electronic Supplementary Information

Table 1S. Quality of main-chain and side-chain parameters of the modeled

Brassicaceae ADH

Comparative values - Brassicaceae

Stereochemical parameters

ARABLE' ARAGRI ARAPAR BRAOLE 2LEAST 3LEAST

Main-chain
% residues in A, B, L

Omega angle SD

Bad contacts / 100 residues

Zeta angle SD

H-bond energy SD

Overall G-factor

Side-chain
Chi-1 gauche (-) SD

Chi-1 trans SD

Chi-1 gauche (+) SD

Chi-1 pooled SD

Chi-2 trans SD

(1) 318 321 320 292 319 317
) 94 92.8 92.5 92.8 925  93.1
3) 0.4 0.3 0.3 0.3 0.3 0.3
(1) 378 378 377 348 378 378
) 5.2 5.3 4.6 43 5.1 4.4
3) 0.3 0.2 0.5 0.6 0.3 0.5
(1) 12 5 8 6 11 7
) 3.2 1.3 2.1 1.7 2.9 1.8
3) 0.2 0.1 0.1 0.1 0.2 0.1
(1) 339 340 341 312 339 338
) 1.7 1.3 1.5 1.4 1.6 1.4
3) 0.9 1.1 -1 1.1 -1 -1.1
(1) 228 235 231 202 230 230
) 0.7 0.7 0.7 0.6 0.7 0.7
3) 0.4 0.5 0.5 0.4 0.5 0.5
(1) 379 379 379 350 379 380
) -0.1 0.1 -0.1 -0.1 -0.1 0
3) 0.2 0.2 -0.3 0.1 0.3 -0.2
(1) 57 44 49 49 56 53
) 8 6.7 6.9 6.2 6.5 5.7
3) -0.3 0.5 0.5 0.6 0.6 0.7
(1) 90 108 109 98 99 101
) 10.1 8.3 9 7.6 9.7  10.1
3) 0.5 0.8 0.7 -0.9 0.5 0.5
(1) 145 146 137 123 139 141
) 8.1 6.3 7.1 7 6.6 6.1
3) 0.6 -1 0.8 0.8 0.9 -1
(1) 292 298 295 270 294 295
) 8.8 7.2 7.8 7.1 7.8 7.5
3) 0.6 -0.9 0.8 -0.9 0.8 0.8
(1) 81 73 90 74 82 82
) 9.1 10.3 9.4 87  11.8 9.4
3) 1.3 1.1 1.3 14 0.8 -1.3

94



Note: Numbers indicate the following attributes: (1) N° of data points; (2) Parameter value;
(3) N° of bandwidths from mean. The stereochemical parameters that are not immediately
obvious are as follows: % residues in ABL: % of protein’s residues in most favored
regions according to the Ramachandran plot; Bad contacts are defined as the number of
non-bounded atoms in a distance > 2.6 A; Overall G-factor: measures how “normal” is the
specified stereochemical property; Chil and Chi2 are the side chain torsion angles, and the
different conformations are referred to as gauche (+), trans or gauche (-) according to their
position in relation to the main chain carbonyl group and the torsion degree (+/-60 or 180
degrees). SD: Standard deviation. Typical values and bandwidth for refined structures at a

similar resolution are as follows: (a) 89.6; 10; (b) 6; 3; (c) 0.7; 10.

1According to Thompson, C.E., Salzano, F.M., Souza, O.N., Freitas, L.B., 2007. Sequence
and structural aspects of the functional diversification of plant alcohol dehydrogenases.

Gene 396, 108-115.
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Table 2S. Quality of main-chain and side-chain parameters of the modeled Poaceae

ADH!

Comparative values - Poaceae

Stereochemical parameters

IHORVUL 2HORVUL 3HORVUL 10RYSAT 20RYSAT 1ZEAMAY 2ZEAMAY

Main-chain
% residues in A, B, L

Omega angle SD

Bad contacts / 100 residues

Zeta angle SD

H-bond energy SD

Overall G-factor

Side-chain
Chi-1 gauche (-) SD

Chi-1 trans SD

Chi-1 gauche (+) SD

Chi-1 pooled SD

Chi-2 trans SD

ey
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&)
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M
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319
91.5
0.2
377
4.3
-0.6
9
2.4
0.2
341
1.3
-1.1
225
0.7
0.3
379
-0.1
-0.2

45
10.2
0
100
8.6
-0.7
143
5.9
-1
288
7.7
-0.8
75
9.3
-1.3

316
90.8
0.1
371
4.7
-0.4
11
2.9
0.2
336
1.3
-1.1
224
0.7
0.4
373
-0.2
-0.5

49
7.1
-0.5
101
9.2
-0.6
138
6.6
-0.9
288
7.6
-0.8
77
8.7
-1.4

321
92.2
0.3
378
5.2
-0.3
6
1.6
0.1
342
1.4
-1.1
227
0.7
0.4
379
-0.1
-0.2

38
8.5
-0.3
104
8.7
-0.7
150
6.9
-0.8
292
7.8
-0.8
74
9.7
-1.2

322
91.9
0.2
377
4.3
-0.6
6
1.6
0.1
343
1.3
-1.1
228
0.7
0.3
379
-0.1
-0.2

52
7.7
-0.4
103
9.2
-0.6
134
5.7
-1.1
289
7.3
-0.9
81
9.8
-1.2

321
92.2
0.3
378
5.4
-0.2
8
2.1
0.1
342
1.3
-1.2
229
0.7
0.4
379
-0.1
-0.2

49
6.5
-0.6
107

-0.7
139
6.3
-0.9
295
7.4
-0.8
79
8.7
-1.4

330
90.9
0.1
387
5.5
-0.2
5
1.3
0.1
352
1.7
-0.9
232
0.7
0.5
388
-0.2
-0.4

56
8.1
-0.3
97
11.2
-0.3
143
6.8
-0.9
296
8.5
-0.6
84
10.6
-1.0

332
92.2
0.3
378
53
-0.2
8
2.1
0.1
343
1.5
-1.0
228
0.7
0.4
379
-0.1
-0.2

49
8.0
-0.3
97
9.6
-0.6
148
7.4
-0.7
294
8.2
-0.7
79
10.8
-1.0

'Parameter explanations in Table 18.
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Table 3S. Quality of main-chain and side-chain parameters of the modeled Fabaceae

and Pinaceae ADH'
Comparative values
Fabaceae Pinaceae
Stereochemical parameters LOTCOR PISSAT TRIREP PINBAN
Main-chain
% residues in A, B, L (1) 321 321 321 320
) 93.1 93.1 93.5 92.5
3) 0.4 0.4 0.4 0.3
Omega angle SD Q8 379 378 378 374
) 53 4.4 4.3 53
3) -0.2 -0.5 -0.6 -0.2
Bad contacts / 100 residues (1) 4 8 6 7
(2) 1.1 2.1 1.6 1.9
3) 0 0.1 0.1 0.1
Zeta angle SD (1N 342 343 343 338
2) 1.6 1.4 1.5 1.4
3) -1 -1 -1 -1.1
H-bond energy SD (1) 228 228 229 228
) 0.7 0.7 0.7 0.7
3) 0.3 0.4 0.4 0.4
Overall G-factor ) 380 380 380 375
) -0.1 -0.1 -0.1 0.1
3) -0.3 -0.2 -0.3 -0.2
Side-chain
Chi-1 gauche (-) SD ey 52 47 53 43
) 8.7 8.4 10 7.5
3) -0.2 -0.3 0 -0.4
Chi-1 trans SD (D 100 99 112 107
) 9.5 9.7 12.1 9.2
3) -0.6 -0.5 -0.1 -0.6
Chi-1 gauche (+) SD (1) 141 148 128 144
) 8.4 6.7 8.3 6.4
3) -0.5 -0.9 -0.5 -0.9
Chi-1 pooled SD (N 293 294 293 294
) 8.8 8.1 10.1 7.7
3) -0.5 -0.7 -0.3 -0.8
Chi-2 trans SD (D 72 86 74 87
) 10.7 9.3 12.7 8.8
3) -1 -1.3 -0.6 -1.4

'Parameter explanations in Table 18.
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Table 4S. Secondary structure of the amino acid residues identified as functionally

divergent among the botanical families according to Qk > 0.85 cut off values (h: helix;

1: loop; s: strand)'

Comparison

Amino acid residue position

Amino acid residue and Secondary structure

Brassicaceaevs. Pinaceae

in Brassicaceae

in Pinaceae

315

1BRAOLE: h (Leu291)
2ARABLE: h (Phe311)
1ARAGRI: h (Leu311)
1ARAPAR: h (Phe311)
2LEAST: h (Phe311)
3LEAST: h (Phe312)

1PINBAN: h (Phe306)

317

1BRAOLE: | (Asn293)
2ARABLE: | (Asn313)
1ARAGRI: | (Asn313)
1ARAPAR: | (Asn313)
2LEAST: | (Asn313)
3LEAST: | (Asn314)

1PINBAN: | (Cys308)

Poaceae vs. Fabaceae

in Poaceae

in Fabaceae

118*

1HORVUL: | (Asp114)
2HORVUL: | (Asp114)
3HORVUL: | (Asp114)
10RYSAT: | (Asp114)
20RYSAT: | (Asp114)
1ZEAMAY: | (Asp123)
2ZEAMAY: | (Asp114)

1LOTCOR: | (Asp115)
1TRIREP: | (Asn115)
1PISSAT: | (Asp115)

133*

1HORVUL: | (Gly129)
2HORVUL: | (Gly129)
3HORVUL: | (Gly129)
10RYSAT: | (Gly129)
20RYSAT: | (Gly129)
1ZEAMAY: | (Gly138)
2ZEAMAY: | (Gly129)

1LOTCOR: | (Asn130)
1TRIREP: | (Asn130)
1PISSAT: | (Asn130)

236*

1HORVUL: h (Phe232)
2HORVUL: h (His232)
3HORVUL: h (Tyr232)
10RYSAT: h (Phe232)
20RYSAT: h (Phe232)
1ZEAMAY: h (Phe241)
2ZEAMAY: h (Tyr232)

1LOTCOR: h (Phe233)

1TRIREP: h (Phe233)
1PISSAT: h (Phe233)

Fabaceae vs. Pinaceae

in Fabaceae

in Pinaceae

131*

1LOTCOR: | (Ser128)
1TRIREP: | (Asn128)
1PISSAT: | (Asn128)

1PINBAN: | (Ser122)

133*

1LOTCOR: | (Asn130)
1TRIREP: | (Asn130)
1PISSAT: | (Asn130)

1PINBAN: | (Gly124)

337*

1LOTCOR: h (Asn334)
1TRIREP: h (Asn334)
1PISSAT: h (Asn334)

1PINBAN: h (Gly328)
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Table 4S. (Cont.)

Comparison

Amino acid residue position

Amino acid residue and Secondary structure

Brassicaceae vs. Fabaceae

in Brassicaceae

in Fabaceae

45

1BRAOLE: s (Phe23)
2ARABLE: s (Phe43)
1ARAGRI: s (Phe43)
1ARAPAR: s (Phe43)
2LEAST: s (Phe43)
3LEAST: s (Phe44)

1LOTCOR: s (Tyrd4)
1TRIREP: s (Phe44)
1PISSAT: s (Phe44)

57

1BRAOLE: h (Glu35)
2ARABLE: h (Glu55)
1ARAGRI: h (Glu55)
1ARAPAR: h (Glu55)
2LEAST: h (Glu55)
3LEAST: h (Glu56)

1LOTCOR: h (Glu56)
1TRIREP: h (Glu56)
1PISSAT: h (Glu56)

82

1BRAOLE: s (Val58)
2ARABLE: s (Val78)
1ARAGRI: s (Val78)
1ARAPAR: s (Val78)
2LEAST: s (Val78)
3LEAST: s (Val79)

1LOTCOR: s (Val79)
1TRIREP: s (Val79)
1PISSAT: s (Val79)

20

1BRAOLE: | (GIn66)
2ARABLE: | (Ala86)
1ARAGRI: | (GIn86)
1ARAPAR: | (GIn86)
2LEAST: | (Lys86)
3LEAST: 1 (GIng7)

1LOTCOR: | (Lys87)
1TRIREP: | (Lys87)
1PISSAT: | (Lys87)

127

1BRAOLE: | (Gly103)
2ARABLE: | (Gly123)
1ARAGRI: | (Gly123)
1ARAPAR: | (Gly123)
2LEAST: | (Arg123))
3LEAST: | (Gly124)

1LOTCOR: | (Gly124)
1TRIREP: | (Gly124)
1PISSAT: | (Gly124)

130

1BRAOLE: | (11e106)
2ARABLE: | (1le126)
1ARAGRI: | (11e126)
1ARAPAR: | (l1e126)
2LEAST: | (Ile126)
3LEAST: | (Ile127)

1LOTCOR: | (lle127)
1TRIREP: | (1le127)
1PISSAT: | (Leu127)

133*

1BRAOLE: | (Gly109)
2ARABLE: | (Gly129)
1ARAGRI: | (Gly129)
1ARAPAR: | (Gly129)
2LEAST: | (Gly129)
3LEAST: | (Gly130)

1LOTCOR: | (Asn130)
1TRIREP: | (Asn130)
1PISSAT: | (Asn130)

135

1BRAOLE: | (Ser111)
2ARABLE: | (Ser131)
1ARAGRI: | (Ser131)
1ARAPAR: | (Ser131)
2LEAST: | (Ser131)
3LEAST: | (Ser132)

1LOTCOR: | (Ser132)
1TRIREP: | (Ser132)
1PISSAT: | (Ser132)

139

1BRAOLE: s (lle115)
2ARABLE: s (Ile135)
1ARAGRI: s (Ile135)
1ARAPAR: s (1le135)
2LEAST: s (Ile135)
3LEAST: s (11e136)

1LOTCOR: s (lle136)
1TRIREP: s (lle136)
1PISSAT: s (Ile136)

188

1BRAOLE: h (Gly164)
2ARABLE: h (Gly184)
1ARAGRI: h (Glu184)
1ARAPAR: h (Gly184)
2LEAST: h (Gly184)
3LEAST: h (Gly185)

1LOTCOR: h (Gly185)
1TRIREP: h (Gly185)
1PISSAT: h (Gly185)
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Table 4S. (Cont.)

Comparison Amino acid residue position

Amino acid residue and Secondary structure

Brassicaceaevs. Fabaceae

in Brassicaceae

in Fabaceae

190

1BRAOLE: h (Thr166)
2ARABLE: h (Thr186)
1ARAGRI: h (Thr186)
1ARAPAR: h (Thr186)
2LEAST: h (l1e186)
3LEAST: h (Thr187)

1LOTCOR: h (Thr187)
1TRIREP: h (Thr187)
1PISSAT: h (Thr187)

213

1BRAOLE: h (Ala189)
2ARABLE: h (Ala209)
1ARAGRI: h (Ala209)
1ARAPAR: h (Ala209)
2LEAST: h (Ala209)
3LEAST: h (Gly210)

1LOTCOR: h (Ala210)
1TRIREP: h (Ala210)
1PISSAT: h (Ala210)

241

1BRAOLE: h (Glu217)
2ARABLE: h (Lys237)
1ARAGRI: h (Glu217)
1ARAPAR: h (Lys237)
2LEAST: h (Lys237)
3LEAST: h (Lys238)

1LOTCOR: h (Lys238)
1TRIREP: h (Lys238)
1PISSAT: h (Lys238)

295

1BRAOLE: s (Val271)
2ARABLE: s (Val291)
1ARAGRI: s (Val291)
1ARAPAR: s (Val291)
2LEAST: s (Val291)
3LEAST: s (Val292)

1LOTCOR: s (Val292)
1TRIREP: s (Val292)
1PISSAT: s (Val292)

303*

1BRAOLE: | (Ser279)
2ARABLE: | (Ser299)
1ARAGRI: | (Ser299)
1ARAPAR: | (Ser299)
2LEAST: | (Ser299)
3LEAST: I (Ser300)

1LOTCOR: | (Asn300)
1TRIREP: | (Lys300)
1PISSAT: | (Ser300)

310*

1BRAOLE: | (Thr286)
2ARABLE: | (Thr306)
1ARAGRI: | (Thr306)
1ARAPAR: | (Ser306)
2LEAST: | (Thr306)
3LEAST: | (Thr307)

1LOTCOR: | (Thr307)
1TRIREP: | (Thr307)
1PISSAT: | (Thr307)

311

1BRAOLE: | (His287)
2ARABLE: | (His307)
1ARAGRI: | (His307)
1ARAPAR: | (His307)
2LEAST: | (His307)
3LEAST: | (His307)

1LOTCOR: | (His308)
1TRIREP: | (His308)
1PISSAT: | (His308)

315*

1BRAOLE: h (Leu291)
2ARABLE: h (Phe311)
1ARAGRI: h (Leu311)
1ARAPAR: h (Phe311)
2LEAST: h (Phe311)
3LEAST: h (Phe312)

1LOTCOR: h (Phe312)
1TRIREP: h (Phe312)
1PISSAT: h (Phe312)

337*

1BRAOLE: h (Gly313)
2ARABLE: h (Gly333)
1ARAGRI: h (Gly333)
1ARAPAR: h (Gly333)
2LEAST: h (Gly333)
3LEAST: h (Gly334)

1LOTCOR: h (Asn334)
1TRIREP: h (Asn334)
1PISSAT: h (Asn334)

344

1BRAOLE: h (Asn320)
2ARABLE: h (Asn340)
1ARAGRI: h (Asn340)
1ARAPAR: h (Asn340)
2LEAST: h (Asn340)
3LEAST: h (Asn341)

1LOTCOR: h (Arg341)
1TRIREP: h (Lys341)
1PISSAT: h (Lys341)

' Amino acid residues with Q(k) > 0.90 are distinguished by an asterisk (*)
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Table 5S. Secondary structure of the amino acid residues identified as functionally

divergent between ADH forms according to Qk > 0.85 cut off values (h: helix; 1: loop;

S: strand)1

Comparison Amino acid residue position

Amino acid residue and Secondary structure

Poaceae ADH1 vs. Poaceae ADH2

in Poaceae ADH1

in Poaceae ADH2

25

1HORVUL: s (Thr23)
10RYSAT: s (Val23)
1ZEAMAY: s (Ser23)

2HORVUL: s (Ser23)
20RYSAT: s (Ser23)
2ZEAMAY: s (Ser23)

64

1HORVUL: | (Met62)
10RYSAT: | (Val62)
1ZEAMAY: | (Val62)

2HORVUL: | (Val62)
20RYSAT: | (Val62)
2ZEAMAY: | (Val62)

170

1HORVUL: | (Glu166)
10RYSAT: | (Ala166)
1ZEAMAY: | (GIn175)

2HORVUL: | (Glu166)
20RYSAT: | (Glu166)
2ZEAMAY: | (Glu166)

234*

1HORVUL: h (Ser230)
10RYSAT: h (Asn230)
1ZEAMAY: h (Ser239)

2HORVUL: h (Ala230)
20RYSAT: h (Ala230)
2ZEAMAY: h (Ala230)

263*

1HORVUL: h (Asp259)
10RYSAT: h (Glu259)
1ZEAMAY: h (Glu268)

2HORVUL: h (Glu259)
20RYSAT: h (Glu259)
2ZEAMAY: h (Glu259)

329*

1HORVUL: | (Phe325)
10RYSAT: | (Tyr325)
1ZEAMAY: | (Tyr334)

2HORVUL: | (Tyr319)
20RYSAT: | (Tyr325)
2ZEAMAY: | (Tyr325)

Poaceae ADH1 vs. Fabaceae ADH1

in Poaceae ADH1

in Fabaceae ADH1

64

1HORVUL: | (Met62)
10RYSAT: | (Val62)
1ZEAMAY: | (Val62)

1LOTCOR: | (Leu63)
1TRIREP: | (Leu63)
1PISSAT: | (Leu63)

263*

1HORVUL: h (Asp259)
10RYSAT: h (Glu259)
1ZEAMAY: h (Glu268)

1LOTCOR: h (Glu260)
1TRIREP: h (Glu260)
1PISSAT: h (Glu260)

329*

1HORVUL: | (Phe325)
10RYSAT: | (Tyr325)
1ZEAMAY: | (Tyr334)

1LOTCOR: | (Tyr326)
1TRIREP: | (Tyr326)
1PISSAT: | (Tyr326)

Poaceae ADH2 vs. Fabaceae ADH1

in Poaceae ADH2

in Fabaceae ADH1

41

133

221

236

279

285

2HORVUL: s (Asp39)
20RYSAT: s (Val39)
2ZEAMAY: s (l1e39)

1LOTCOR: s (Leu40)
1TRIREP: s (Leu40)
1PISSAT: s (Leu40)

2HORVUL: | (Gly129)
20RYSAT: | (Gly129)
2ZEAMAY: | (Gly129)

1LOTCOR: | (Asn130)
1TRIREP: | (Asn130)
1PISSAT: | (Asn130)

2HORVUL: h (Ser217)
20RYSAT: h (Ser217)
2ZEAMAY: h (Ala217)

1LOTCOR: h (Ser218)
1TRIREP: h (Ser218)
1PISSAT: h (Ser218)

2HORVUL: h (His232)
20RYSAT: h (Phe232)
2ZEAMAY: h (Tyr232)

1LOTCOR: h (Phe233)
1TRIREP: h (Phe233)
1PISSAT: h (Phe233)

2HORVUL: h (Ala275)
20RYSAT: h (lle275)
2ZEAMAY: h (Val275)

1LOTCOR: h (11e276)
1TRIREP: h (11€276)
1PISSAT: h (l1e276)

2HORVUL: h (Ala281)
20RYSAT: h (Cys281)
2ZEAMAY: h (Ala281)

1LOTCOR: h (Ala282)
1TRIREP: h (Ala282)
1PISSAT: h (Ala282)

' Amino acid residues with Q(k) > 0.90 are distinguished by an asterisk (*)
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Fig. 1S. 3D _1D averaged scores, as determined by the VERIFY 3D program for the

models of the Brassicaceae botanical family.

Fig. 2S. 3D 1D averaged scores, as determined by the VERIFY 3D program for the

models of the Poaceae botanical family.

Fig. 3S. 3D 1D averaged scores, as determined by the VERIFY 3D program for the

models of the Fabaceae and Pinaceae botanical families.
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Abstract

The alcohol dehydrogenase enzyme belongs to the large superfamily of medium-
chain dehydrogenases/reductases, which have been characterized in animals, fungi, plants,
protozoan, and bacteria. They are involved, in different organisms, with the ethanol,
norepinephrine, dopamine, serotonin, bile acid metabolism, and other important metabolic
routes. However, the diversification process which occurred in these substances in the
course of evolution is not well known. In the present report we considered the phylogeny
of 192 sequences of animals, fungi and plants. They formed distinct clusters. Non-class I11
Caenorhabditis elegans are closely related to the tetramer fungi ADH type. Within
chordates, duplications lead to a multiplicity of ADHs forms, ADH3 being basal in Fishes,
Amphibia, Reptilia, Aves, and Mammalia groups. In fishes, two main clusters are
identified: ADHI and ADH3. Amphibians present the highest ADH diversity. ADH2 is
found in Mammalia and Aves. Additionally, ADH4 and ADHS seem to result from ADH1
duplication. A more complex pattern was identified in Fungi, where ADH formed clusters
based on types and genera. The plant results were published in Gene (v. 396, p. 108-115,
2007). Amino acid residues responsible for functional divergence between ADH types and
among fungi, plant and animals were identified. For mammals sites 209 and 264, near the
enzymes’ active center, seem to be especially important. Functional site differences occur
mainly between ADHI1/ADH4 and ADH2/ADH3. Site no. 301 is important in birds
ADHI1/ADH3 and fungi ADH3/ADHS. Within fungi site 373 differs markedly between
their ADH3/ADHS and ADH4/ADHS forms. Both sites occur in the enzyme’s subunit-
subunit interacting segment. The ADH family expansion exemplifies a

neofunctionalization process with reiterative duplication events leading to new activities.
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Introduction

The alcohol dehydrogenase (ADH, EC 1.1.1.1) enzyme belongs to the large
superfamily of medium-chain dehydrogenases/reductases, which comprise different
enzyme activities, such as alcohol, sorbitol, xylitol, threonine dehydrogenase, and quinone
reductase (Persson et al. 1993). Its activity appears to be universal in all types of life forms,
derived from enzymes of separate family assignments, and frequently of multiple

occurrences in a complex fashion (Norin et al. 1997).

Class III ADH, with little or almost no ethanol activity, and similar to the
glutathione-dependent formaldehyde dehydrogenase, seems to be an ancestral form and
has been characterized in vertebrates (Jornvall et al. 1995; Hjelmqvist et al. 1995b),
invertebrates (Kaiser et al. 1993; Danielsson et al. 1994), plants (Martinez et al. 1996),
fungi (Sasnaukas et al. 1992; Fernandez et al. 1995), and prokaryotes (Gutheil et al. 1992;
Ras et al. 1995). Class III ADH functions as a glutathione-dependent dehydrogenase in the
oxidative elimination of formaldehyde, and do not function in ethanol or retinol oxidation,
which has been assumed by other ADH classes (Duester et al. 1999). It is considered to be
vertebrate ADH most ancient form due to the fact that it is the only one detected in

invertebrates (Kaiser et al. 1993).

Vertebrate ADH is a cytosolic, dimeric, zinc-containing, NAD-dependent enzyme
with a subunit molecular masss of 40 kDa. At least eight distinct classes have been
identified in this group, based upon sequence alignment, phylogenetic analysis, catalytic
properties, and gene expression patterns. Within the same organism, ADH classes share
around 60% amino acid sequence identity, and multiple ADH isoenzymes within a single

class share above 90% identity (Jornvall 2008). They metabolize a wide variety of
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substrates, including ethanol, retinol, other aliphatic alcohols, hydroxysteroids, and lipid

peroxidation products (Duester et al. 1999).

In humans, only ADH classes I (with three isoforms: A, B, and C, earlier called a,
B, and v, respectively), II, III, IV, and V have been identified, and in mouse classes I, I,
III, and IV have been described (Boleda et al. 1993; Zheng et al. 1993; H60g and Brandt
1995; Hoog et al. 2001). Class VI ADH has been observed in the rat and deer mouse
(Zgombic-Knight et al. 1995), and class VII ADH has been found in chicken (Kedishvili et
al. 1997), which may act as a steroid/retinoid dehydrogrenase. An amphibian ADH class
VIII (class IV-like) has specificity towards NADP(H), with high catalytic efficiency

specificity for retinoids and high K, for ethanol (Rosell et al. 2003).

Some classes originally defined for separate species may not be true classes, but
simply species variants in rapidly evolving classes. This seems to be the case in vertebrate
ADH classes V and VI. Another problem is the different nomenclature given for genes and
protein classes, such as ADH classes II-V, which have a very distinct gene number

designation.

Several fungal and bacterial ADH enzymes are tetramers with two zinc atoms per
monomer, while the animal and plant ADHs characterized to date are thought to be dimeric
with also two Zn atoms. In Saccharomyces cerevisiae and Kluyveromyces five distinct
ADHs were found. ADH classes I and II of S. cerevisiae are cytoplasmic enzymes
expressed under fermentative and respiratory conditions. Class III corresponds to a
mitochondrial protein. Class IV is distantly related to the other four ADHs and is probably
originated from a bacterium (Williamson and Paquin 1987). Finally, class V was

discovered during the S. cerevisiae genome sequencing. The function of fungi classes III,
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IV, and V is not completely understood (Wills and Jornvall 1979; Young et al 2000;

Ladriére et al. 2000; Thomson et al. 2005).

In plants, the alcohol dehydrogenase gene family has been intensively studied in
order to understand its genetics and molecular evolution. Generally this family is
characterized by a small number of copies and very diverse expression patterns. ADHs are
involved in the energy production pathway, converting the acetaldehyde into ethanol via
fermentation during episodes of low oxygen or low temperatures. Despite the large number
of studies, there does not exist a clear correlation among their molecular evolution,
function and structure. Thompson et al. (2007) proposed that functional diversification
during evolution has been responsible for site-specific shifts after ADH gene duplication in
plants, and furnished the first three-dimensional model of a plant ADH. Subsequently, they
evaluated the impact of functional divergence on Poaceae, Brassicaceae, Fabaceae, and

Pinaceae enzymes (unpublished data).

In this article, the relationship among the different classes of ADH belonging to
animals, fungi and plants were investigated and the amino acid residues crucial for
different types of functional divergence between duplicate genes identified using

evolutionary and modeling tools to better understand the ADH diversification process.

Materials and Methods

Source of the Data and Sequence Alignment

ADH amino acid sequences from Phylum Chordata (Classes Myxini,

Actinopterygii, Elasmobranchii, Sarcopterygii, Amphibia, Reptilia, Aves, and Mammalia),
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Phylum Mollusca (Class Cephalopoda), Phylum Nematoda (Class Chromadorea), Phylum
Platyhelminthes (Class Turbellaria), and Phylum Ascomycota (Classes Saccharomycetes,
Sordariomycetes, and Eurotiomycetes) were obtained from the National Center of
Biotechnology Information (NCBI). Plant amino acid sequences used in our previous
studies (Thompson et al. 2007) were incorporated to the analysis. Alcohol dehydrogenase
DNA sequences were also downloaded from the NCBI site to evaluate the presence of
positive selection. Protein alignments were performed using the ClustalW multiple
sequence alignment program (Thompson et al. 1994; Jeanmougin et al. 1998) with the
BLOSUM matrix (Henikoff and Henikoff 1992) for scoring. The penalties for gap opening
and gap extension were 10.0 and 0.2. GeneDoc 2.6 (Multiple Sequence Alignment Editor
& Shading Utility; Nicholas and Nicholas 1997) was employed to align DNA sequences
based on their corresponding manually adjusted protein alignment. Alignments are

available upon request.

Phylogenetic analysis

Phylogenies were estimated by neighbor-joining (NJ) (Saitou and Nei 1987),
available in the MEGA program version 4.1 (Molecular Evolutionary Genetics Analysis;
Kumar et al. 2000, 2008; Tamura et al. 2007), and by maximum likelihood (ML) methods
using PhyML (Phylogenetic Maximum Likelihood; Guindon and Gascuel 2003) and
TreeFinder (Jobb et al. 2004) programs. All the analyses were performed for (1)
Actinopterygii + Elasmobranchii + Sarcopterygii + Myxini, Amphibia, Reptilia, Aves,
Mammalia, and Fungi separately; (2) the combined vertebrate and invertebrate sequences;

and (3) the combined animals, fungi and plants sequences.
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The p-distance, the Poisson-corrected amino acid distances, and the complete and
pairwise deletion of gaps/missing data were implemented to analyze the amino acid
sequences in the neighbor joining (NJ) method, with 2,000 repetitions performed using the

bootstrap test of phylogeny.

The selection of the best-fit model of amino acid substitution for the ML analysis
was performed with ProtTest 1.4 program (Abascal et al. 2005) using the slow strategy
(optimization of model, branches and topology of the tree) and without restricting the set
of protein evolution candidate models for the uncombined data. For the combined data a
fast strategy and a restriction of the set of candidate models was applied to decrease
computer processing time. The protein empirical matrices which were the best candidates
for the uncombined data formed the restricted candidates group applied to the combined
data. A BIONJ tree was calculated, which is a distance based on a phylogeny
reconstruction algorithm with better topological accuracy than NJ in all evolutionary
conditions (Gascuel 1997). The BIONJ algorithm is an alternative version of NJ, where
long genetic distances present a higher variance than short ones when distances from a
newly defined node to all other nodes are estimated (Van der Peer 2003). All statistical
frameworks (AIC, AICc or BIC) for the selection of the best model were comparatively
evaluated considering the relative importance and the model-averaged estimate of
parameters. AICc (Corrected Akaike Information Criterion) (Posada and Crandall 2001;
Burnham and Anderson 2003) and BIC (Bayesian Information Criterion) (Schwarz 1978)

include penalties for sample size.

The PhyML and TreeFinder programs performed the analyses using the trees and

the best models of protein sequence evolution which resulted from ProtTest 1.4. In
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TreeFinder, an approximate bootstrap support was computed by using the Expected
Likelihood-Weights (Strimmer and Rambaut 2002) applied to all local rearrangements of
the tree topology (LR-ELW). This edge support value, in percent, can be directly
interpreted as confidence in the configuration of branches adjacent to a particular edge. An
approximate likelihood-ratio test (aLRT) for branches were used in PhyML. This approach
is based on the conventional LRT principle. However, it is a faster test since the log-
likelihood value /, is computed by optimizing over the branch of interest and the four
adjacent branches, whereas other parameters are fixed at their optimal values

corresponding to the best ML tree (Anisimova and Gascuel 2006).

Selection and Functional Diversification Analysis

The resultant tree topologies were used to calculate branch lengths using the MO
model available in the CODEML program of the PAML packet (Yang 1997). The presence
of positive selection was verified through the maximum likelihood models recommended
by Yang (2004) using alcohol dehydrogenase DNA sequences. A series of likelihood ratio
tests (LRTs) was carried out to investigate whether » was significantly different from 1 for
each pairwise comparison: Mla vs. M2a, MO vs. M3, and M7 vs. M8. LRT performs the
comparison both with the constraint of ®=1 and without such constraint: LR=2(In;-Iny).
These LRT statistics approximately follow a chi-square distribution and the number of
degrees of freedom is equal to the number of additional parameters in the more complex

model (Anisimova et al. 2001, 2002).

Type-I and Type-II functional divergences were examined using a statistical

framework model implemented by the DIVERGE2 program (Gu and Vander Velden 2002;
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Gu 2006), which determines if the coefficients of divergence (8; and 0y;) are significantly
greater than zero. Type-I functional divergence (site-specific rate shift) refers to the
evolutionary process resulting in site-specific rate shifts after gene duplication. It identifies
amino acid residues highly conserved in one gene copy and highly variable in the other.
Type-II divergence results in a site-specific property shift. It considers if a radical shift of
amino acid property (positively vs. negatively charged; hydrophobic vs. hydrophilic)
between the proteins of the duplicate genes occurs. An amino acid substitution will be
radical if it changes the residue from one of the previous cited groups to another. The
probability of a residue being under Type-II divergence is denoted 0y. O; (k) or Oy (k) are
the site (k)-specific scores corresponding to the posterior probability that site & is related to

type-I or type-II functional divergences (Zheng et al. 2007).

Results and Discussion

Phylogenetic analysis

Gene duplication is an important precursor of evolutionary diversification. The
majority of new genes originate through duplication, chromosomal rearrangement, and the
subsequent divergence of pre-existing genes (Lawton-Rauth 2003). The existence of
several multigene families is an indication of the importance of gene duplication in the
origin of new function novelties (Wendel 2000). Phylogenetic analysis has been a

powerful approach to investigate the role of gene duplications in evolution.

The alcohol dehydrogenase enzymes form a large and diverse family which has
contributed to the understanding of protein evolution, enzymatic mechanisms, metabolic

functions, and regulatory roles. They show chemically modified sub-forms, isoenzymes,
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classes, and separate enzymes, presenting a wide range of distinct functions as well as
redundancy with overlaps in activity (Jornvall 2008). Recently we have theoretically
demonstrated that different plant ADH forms may be submitted to an evolutionary
diversification process which occurred after gene duplication (Thompson et al. 2007). The
next step was to evaluate the importance of this process in ADHs of other organisms, to

obtain a comprehensive panorama for ADH molecular evolution.

In total, 192 ADH amino acid sequences belonging to animals, fungi, and plants
were submitted to a comparative phylogenetic approach. The taxonomic classification,
ADH types, accession numbers, and sequence sizes are shown in Table 1S (Electronic

Supplementary Material).

The tree topologies resulting from the NJ and ML methods did not differ
significantly, especially when major clades are considered. Figure 1 shows that obtained
with the NJ approach. Three monophyletic groups corresponding to fungi, plants, and a
larger group formed by animals, with fungi ADH closer to plant enzymes were obtained. A
similar pattern was found by Glasner et al. (2005) who analyzed a smaller number of
sequences (22). Two Caenorhabditis elegans sequences (ADH1 and ADH2) were placed
closer to the tetrameric fungal ADHs (Fig. 1). This result agrees with that obtained by
Glasner et al. (1995) who described for the first time fungal-like ADH sequences among
metazoans. Both ADH C. elegans forms show ethanol activity, preferentially for longer
alcohols. It may be possible that additional fungal-like sequences will be discovered in
other animals or plants. This phenomenon could be explained by one or multiple deletions
in lineages generating the modern plants and animals or it may be the result of convergent

evolution (Glasner et al. 1995).
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It is interesting to note that C. elegans ADH3 clusters with those of Octopus
vulgaris and Schmidtea mediterranea (a freshwater planarian), within the large group of
ADH3 from all animals. Godoy et al. (2007) also found a close relationship between the S.
mediterranea and C. elegans ADH3s. Kaiser et al. (1993) described the O. vulgaris
ADH3, which was the only ADH form detectable in this animal. They were the first
detected group of animals that lack ethanol dehydrogenase activity. No other ADH class is
present in planarians also, as suggested by in silico analysis which indicated that only one
contig was sufficient to account for the cDNA and 40 trace sequences from the current
planarian databases (Godoy et al. 2007). The invertebrate ADH3s formed a highly
supported monophyletic group. In relation to chordate ADHs, all ADH3 also formed a
monophyletic cluster (Fig. 1), as seen in other studies which considered a smaller number
of species and sequences (Dasmahapatra et al. 2001; Reimers et al. 2004; Gonzalez-Duarte
and Albalat 2005). This enzyme is widely known as a glutathione-dependent formaldehyde
dehydrogenase which can oxidize ethanol at high concentrations (Dasmahapatra et al.
2001), and preferentially metabolize longer aliphatic and aromatic alcohols (Reimers et al.
2004). ADH3 has been described as a ubiquitous enzyme in vertebrates (Funkenstein and
Jakowlew 1996), with a spatio-temporal regulation in zebrafish development
(Dasmahapatra et al. 2001; Cafestro et al. 2003). Additionally, ADH3 is found in the cell
nucleus, with a probable DNA protection function (Iborra et al. 1992; Fernandez et al.
2003), differently from the other ADHs, which commonly have a cytosolic location
(Gonzalez-Duarte and Albalat 2005). In invertebrates, its expression is mainly found in

digestive tissues (Godoy et al. 2007).

Most of the ADH1s are located in a large set with high bootstrap support for the

individual clusters within the considered group (Fig. 1). This form is the classical and
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highly variable liver enzyme responsible for ethanol metabolism. In fishes, only two ADH
classes were detected: class III and a second mixed class (here named ADHI, but also
called ADHS in the literature), structurally similar to class III, but functionally similar to
ADHI (the classical alcohol-metabolzing enzyme) (Dasmahapatra et al. 2005). This hybrid
characteristic may explain why the Actinopterygii ADHI cluster separately from all other
class I forms (Fig. 1). Mammal ADH4s are highly similar to ADHI in terms of primary
sequence, and are placed near them in the phylogenetic tree (Figs. 1 and 2). Our results
corroborated Gonzalez-Duarte and Albalat’s (2005) hypothesis that ADH4 may be the
result of mammalian-specific Adhl duplication, since this class has not been detected in
avians or reptilians and the amphibian ADH4 does not seem to be orthologous to the
mammalian form (Fig. 1). ADH4 functions in retinoid oxidation in vitro (Boleda et al.
1993). However, ADH4-null mutant mice showed weak phenotypic effects, which may
indicate a contribution in specific routes, not involved in systemic retinol metabolism

(Deltour et al. 1999).

Class II are found in mammalian and avian/reptilian lineages forming a sister group
to tetrapod nonclass III proteins (Fig. 1), reinforcing the results of Hjelmqvist et al.
(1995b). Based on the phylogenetic analysis, as well as biochemical and structural
characteristics (Ho0g et al. 2001, Gonzalez-Duarte and Albalat 2005), it is reasonable to
suggest that ADH2 is derived from a tetrapod ADH3. ADH2 proteins have higher K,
values toward ethanol and preferentially metabolize larger aliphatic and aromatic
alcohols/aldehydes (Reimers et al. 2004). Moreover, they are structurally more divergent

than the ADH1 forms, classically known as variable (Hjelmqvist et al. 1995a).
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Amphibian ADHS is positioned as a distinct cluster in the phylogenetic analysis
(Fig. 1), confirming its special characteristics such as (i) a large active site pocket; (ii) the
probably different proton-relay pathway, (iii) very specific rearrangements in the
phosphate-binding site cofactor; and (iv) the weak interactions of the adenine moiety
(Rosell et al. 2003). This form has a unique NADP(H) specificity and was first described

as ADH4-like. However, its characteristics led to classification in a new class.

Phylogenetic relationships among mammal ADH sequences are displayed in more
detail in Fig. 2, where it can be seen that monophyletic groups were formed according to
ADH type. ADH1 has sub-clusters (ADH1A, ADHIB, ADHIC), corresponding to
different isoenzymes. Both in Figs. 1 and 2 ADH4 is placed close to ADHI1, suggesting
that it originated from a ADH1 duplication. Similar results were obtained by Estonius et al.
(1994), Parés et al. (1994) and Stromberg and Hoog (2000). In mammals ADH4 is
specifically expressed in epithelial tissues, as stomach mucosa. ADHS5 is located between
ADHI1-ADH4 and ADH2 in the tree of Fig. 2. Its function is not well-understood yet.

ADHS3 forms a basal clade.

Clusters corresponding to ADH1 and ADH3 are formed in the basal Chordate
Classes Myxini, Actinopterygii, Elasmobranchii, and Sarcopterygii (Fig. 1S). The ethanol-
active class is a mixed type, structurally similar to class III but functionally similar to class
I. Fishes constitute the first vertebrate class with documented expression of more than one

ADH class (Dasmahapatra et al. 2005).

The greatest ADH diversity is found in amphibians (Fig. 2S). As in other animals,
ADH4 shows highest similarity with other amphibian ADH1. Additionally, a new form

(ADHS8) appears in these animals and ADH3 forms a basal clade. Few reptile ADH
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sequences were found, ADH3 forming a distinguishable group from ADHI1 (Fig. 3S). In
addition to ADHI and ADH3, ADH2 appears in the mammalian (Fig. 2), and avian (Fig.
4S) lineages; it is assumed that it derived from ADH1. ADH2 is basal in relation to ADH1

in both mammals and birds, and ADH3 is basal to all sequences in the two groups.

A more complex duplication pattern is seen in fungi (Fig. 3), where the ADH
sequences cluster according to ADH type and fungi genera. A larger cluster composed by
Saccharomycetes sequences 1is distinguishable. Additionally, Sordariomycetes and
Eurotiomycetes ADHs formed distinct monophyletic groups. Sequences from
Saccharomyces were grouped by ADH type, with ADH2 closer to the ADH1. The ADH1-
ADH2 duplication seems to have occurred before the divergence of the Saccharomyces
species and after the divergence between Saccharomyces and Kluyveromyces, which has
been estimated to have occurred 80 + 15 million years ago (Thomson et al. 2005).
Saccharomyces ADHs 1, 2, and 5 probably derived from a common ancestor, as also
suggested by Ladricre et al. (2000). Moreover, ADHS5 has the highest rate of sequence
divergence. ADH1 and ADH2 forms from Lachancea grouped together, ADH4 from
Kluyveromyces formed a different group, as well as Saccharomyces ADH3 and ADHS.
The Yarrowia sequences also separate by type. Pichia and Candida ADHs did not form a

monophyletic cluster, while ADH3 from K/uyveromyces and Lachancea cluster together.

Saccharomyces ADH1 and ADH2 are cytoplasmatic enzymes acting in the
fermentation and gluconeogenesis processes respectively, while ADH3 is located in the
mitochondria. Kluyveromyces ADH has two cytoplasmatic (ADHs 1 and 2) and two
mitochondrial (ADH3 and ADH4) enzymes. A single gene is sufficient to allow

Kluyveromyces lactis to grow in ethanol. Since Saccharomyces and Kluyveromyces
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genomes are similar but their ADH sequences are submitted to different rates of
divergence (Ladriére et al. 2000), they may have a lower structural constraint or are being
submitted to a functional divergence process that would lead to new enzyme functions, as
seen to occur in animals (H66g et al. 2001) and was theoretically demonstrated in plants

(Thompson et al. 2007).

Selection and Functional Diversification Analyses

Natural selection has been described as responsible for the evolution of many genes
(Hey 1999). A widely used method to detect positive selection is through the ratio of
nonsynonymous to synonymous rates (w = dy/ds). It is assumed that synonymous
substitutions are neutral, while the nonsynonymous are influenced by selection.
Consequently, a o statistically higher than one indicates the action of positive selection or
a relaxed selective constraint and low values for dy/dsratio mean conservation of the gene
product due to selective constraints (Tennessen 2008). No indication of positive selection
acting on Adh genes were found (data not shown, available upon request). However, a
relationship between a statistically detectable selection (w>1) and functional divergence
might not necessarily exist (Tennessen 2008). Thus, to further investigate if any amino
acid replacement could have lead to adaptative functional diversification, type-I and type-II
divergences were estimated by posterior analysis using DIVERGE2 which evaluates

shifted evolutionary rates and altered amino acid properties after gene duplication.

Coefficients of functional divergence (0) of pairwise comparisons between
mammalian and fungi alcohol dehydrogenases are reported in Table 1. They show

statistically significant site-specific shift of evolutionary rates, with 0 varying markedly
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from 0.0370 to 0.9704. A site-specific profile based on the posterior probability (QOy) was
used to identify the amino acid residues responsible for functional divergences after gene
duplication or speciation. To reduce false positives, a conservative cut-off value was
empirically used: O > 0.80. Amino acid residue positions identified as functionally
important between the mammalian ADH forms with their respective O values are shown
in Table 2, while those important for the differentiation between fish and fungi forms are

listed in Table 3.

For mammals (Table 1) two sites (nos. 209 and 264) seem to be especially
important for the differences between ADH3/ADH2 and ADH3/ADHS. Both are near the
enzymes’ active sites and therefore should have a functional role. The number of important
site functional differences occur mainly between ADH4 and ADHI1 (19 sites) and
ADH3/ADH2 (18 sites). As for the fishes and fungi results (Table 2), site no. 301 is
important for the differences between fishes ADH3/ADHI and fungi ADH3/ADHS.
Within fungi site 373 differs in an important way between their ADH3/ADHS and
ADH4/ADHS5 forms. Both sites occur in the subunit-subunit interacting segment. The

largest number of site differences (14) occurs in the ADH3/ADHS comparison.

Experimental structural-functional studies are mainly restricted to the ADH1 and
ADH3 enzymes. In ADHI, the classical liver ethanol dehydrogenase binding of the
coenzyme induces the catalytic domain to approach the coenzyme-binding domain and to
narrow the active site cleft. The two domain conformations are thus described as ‘open’ in
the apoenzyme, and ‘closed’ in the binary and ternary complexes. These conformations
could account for the different substrate specificity and kinetic mechanisms of ADH1 and

ADH3. They are consistent with the ordered kinetics of ADHI, while the random
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mechanism of ADH3 is coherent with its ‘semiopen’ domain conformation (Sanghani et al

2000).

The proton relay pathway is also significantly different in the two classes. In class
I, the components are the Thr/Ser48 that hydrogen binds with the alcohol hydroxyl group,
the hydroxyl groups of nicotinamide ribose, and His51, a general base in contact with the
solvent. However, in ADH3 His51 is not found, suggesting that proton transfer proceeds
directly to the solvent (Sanghani et al 2002). Besides Thr/Ser48, class I enzymes share
three strictly conserved positions, His67, Glu68 and Phe140. This triad has been proposed
as a signature for class assignment (Norin et al 1997), although preservation of these
positions does not necessarily imply ethanol oxidizing activity (Reimers et al 2004). In
ADHI1 three segments stand out as variable. They lie near the substrate-binding pocket and
participate in the subunit interactions. In contrast, these regions are among the most
conserved ADH3 segments (Cafiestro et al 2003). In addition to ethanol oxidation, ADH1
has been implicated in other physiological pathways, for example, norepinephrine,
dopamine, serotonin and bile acid metabolism (H60g et al 2001), and it can catalyze the
oxidation of retinol in vitro (Boleda et al 1993) and in vivo (Deltour et al 1999). However,
analysis of Adhl-null mutant mice challenged a major role in retinol metabolism and,
instead, suggested a protective function against vitamin A toxicity. The Adhl gene is
expressed at a very high level in the liver and also at a significant degree in the small and
large intestine, kidney, adrenal, testis, epididymis, and uterus. It has tissue-specific
expression, in contrast to the widespread distribution of Adh3 in vertebrates (Gonzalez-

Duarte e Albalat, 2005).
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Table 1

Coefficients of functional divergence (0) of pairwise comparisons in the alcohol

dehydrogenase gene family

Comparison Group 1 Group 2 O+SE* LRT’
Between forms Mammals ADH3 Mammals ADH2 0.7136+0.222 10.330
Mammals ADH3 Mammals ADHS5 0.6712+0.204 10.824

Mammals ADH3 Mammals ADH4 0.9704+0.257 14.281

Mammals ADH2 Mammals ADHS 0.4032+0.159 6.414

Mammals ADH2 Mammals ADH1 0.4296+0.105 16.585

Mammals ADHS5 Mammals ADH4 0.2512+0.289 0.758*

Mammals ADHS Mammals ADH1 0.4264+0.113 14.348

Mammals ADH4 Mammals ADH1 0.8094+0.188 18.431

Fishes ADHI Fishes ADH3 0.5112+0.080 40.475

Fungi ADHI Fungi ADH3 0.6040+0.252 5.745

Fungi ADHI Fungi ADH4 0.6496+0.179 13.186

Fungi ADHI Fungi ADHS5 0.8824+0.115 58.618

Fungi ADH3 Fungi ADH4 0.0370+£0.240 0.023*

Fungi ADH3 Fungi ADHS 0.7704+0.130 35.361

Fungi ADH4 Fungi ADHS5 0.7968+0.091 76.845

“SE stands for standard error. "LRT: Likelihood Ratio Test. All values are statistically

significant at P<0.001 or less, except those labeled with (*). Sequences of bird, amphibia,

and reptilia had incomplete information for this type of analysis.
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Table 2

Amino acid residues important for the functional divergence between ADH mammalian forms

Amino acid residues Mammals ADH3/ADH2 Mammals ADH3/ADH5 Mammals ADH4/ADH1 Mammals ADH2/ADH5 Mammals ADH2/ADH1

60 0.889377

70 0.834021 0.837070
78 0.892779
91 0.802919
103 0.811543

105 0.802919
128 0.807681 0.802919
133 0.892774
134 0.892774 0.802368
135 0.892774
142 0.800877

161 0.865930
163 0.809431 0.802919
165 0.806196

177 0.802919
194 0.802919
201 0.807681

209 0.903189* 0.889513

212 0.802919
214 0.805189

215 0.892534
223 0.807681

233 0.811543

239 0.889513

243 0.809517

250 0.802919
256 0.802919
257 0.892105 0.876564

259 0.802919
264 0.956807* 0.951870*

268 0.809431

272 0.802480

275 0.806196

282 0.802919
285 0.817554

289 0.802919
297 0.802919

*In bold amino acid residues with O(k)>0.85, while an asterisk indicates those with O(k)>0.90

as a cut off value.

134



Table 3

Amino acid residues important for the functional divergence between fungi and fishes ADH

forms
Amino acid residues  Fishes ADH3/ADH1 Fungi ADH4/ADH1 Fungi ADH3/ADH5 Fungi ADH4/ADH5

36 0.938280*

49 0.926019*

58 0.914537*

59 0.948280*

62 0.945906*

89 0.948280*

129 0.898560

175 0.933913*
200 0.935322*
209 0.858626
232 0.920585*
233 0.902046*
246 0.859203
259 0.851359*

262 0.935322*

279 0.938280*

301 0.940363* 0.935322*

313 0.948280*

312 0.957991*
316 0.949383*
324 0.938280*

327 0.940363*

328 0.911417*
348 0.948280*

354 0.940363*

358 0.973481*
360 0.949383*
366 0.938280*

373 0.948280* 0.976559*
382 0.949383*
383 0.949383*
385 0.948280* 0.975113*

“In bold amino acid residues with Q(k)>0.85, while an asterisk indicates those with Q(k)>0.90

as a cut off value.
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Fig. 1 Linearized phylogenetic tree inferred from protein ADH sequences using the neighbor-
joining method, employing the Poisson-corrected amino acid distance and the pairwise

deletion of gaps/missing data.

Fig. 2 Detailed representation of the relationships obtained with mammal protein sequences.
Numbers represent bootstrap values; values higher than 80% are shown. Scale bar
indicates levels of sequence divergence. Clusters distinguishable by ADH type are

highlighted.

Fig. 3 Fungi protein sequence relationships with labels indicating clusters distinguishable by
ADH type and fungi genera. Numbers represent bootstrap values; values higher than

80% are shown. Scale bar indicates levels of sequence divergence.
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Electronic Supplementary Material

Table 1S Alcohol dehydrogenase proteins to which the sequences considered belong, and respective taxonomic information and accession number.

Taxonomy ADH type Accesion number Species Sequence size
Kingdoms Phylum Class Order Families
Animalia Chordata Actinopterygii (Osteichthyes) Perciformes Cypirinidae 1DANRER AAK97853 Danio rerio 377
3DANRER AAL26325 Danio rerio 376
3DANRER2 NP_571924 Danio rerio 376
1B8DANRER NP_982285 Danio rerio 376
1A8DANRER NP_001001946 Danio rerio 377
1A8DANRER2 AAH96855 Danio rerio 377
Sparidae 3SPAAUR P79896 Sparus aurata 376
Gadiformes Gadidae 3GADMORL P81601 Gadus morhua 375
3GADMORH P81600 Gadus morhua 375
1GADCAL P26325 Gadus callaris 375
Beloniformes Oryziinae 10RYLAT AAT81592 Oryzias latipes 378
30RYLAT AAS15570 Oryzias latipes 379
Myxini Myxiniformes Myxinidae 3MYXGLU P80360 Myxine glutinosa 376
Elasmobranchii (Chondrichthyes) Carcharhiniformes Scyliorhinidae 3SCYCAN AAS49606 Scyliorhinus canicula 345
Sarcopterygii Coelacanthiformes Coelacanthidae 3LATCHA AAS49517 Latimeria chalumnae 344
Lepidosireniformes Protopteridae 3PRODOL AAS49516 Protopterus dolloi 346
Amphibia Anura Ranidae 1RANPER P22797 Rana perezi 375
8RANPER 057380 Rana perezi 373
8ARANPER 1POF_A Rana perezi 373
Pipidae 1XENTRO2 NP_001011391 Xenopus tropicalis 376
1BXENTRO NP_001011431 Xenopus tropicalis 378
S5XENTRO NP_001011423 Xenopus tropicalis 376
3XENTRO CAJ83953 Xenopus tropicalis 376
3XENLAE NP_001086427 Xenopus laevis 376
8XENLAE NP_001089094 Xenopus laevis 373
S5XENLAE NP_001086903 Xenopus laevis 378
3XENTRO2 AAS49608 Xenopus laevis 376
4AXENLAE AAC33715 Xenopus laevis 271
1XENLAE AAH97612 Xenopus laevis 376
Reptilia Crocodylia Crocodylidae 1ALLMIS P80222 Aligator mississippiensis 374
1AMEALL S35669 American alligator 374
Squamata Agamidae 1AUROHAR P25405 Uromastyx hardwickii 375
1BUROHAR P25406 Uromastyx hardwickii 375
3UROHAR P80467 Uromastyx hardwickii 373
Elapidae INAIJNAJ P80512 Naja naja 375
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Table 1S Cont.

Taxonomy ADH type Accesion number Species Sequence size
Kingdoms Phylum Class Order Families
Animalia Chordata Aves Galliformes Phasianidae 1FGALGAL AAB66676 Gallus gallus 376
1CGALGAL CAA38433 Gallus gallus 329
3GALGAL NP_001026323 Gallus gallus 374
3GALGAL2 AAS49609 Gallus gallus 371
1GALGAL P23991 Gallus gallus 376
1COTIJAP P19631 Coturnix japonica 375
Struthioniformes Struthionidae 1STRCAM2 AAB32020 Struthio camelus 374
2STRCAM P80468 Struthio camelus 379
1STRCAM P80338 Struthio camelus 374
Anseriformes Anatidae 1ANAPLA P30350 Anas platyrhynchos 185
Mammalia Primates Hominidae 1BHOMSAP1 AAA51884 Homo sapiens 375
1BHOMSAP2 P00325 Homo sapiens 375
1BHOMSAPDbeta3 AAB48003 Homo sapiens 375
1BHOMSAPbeta2 AAD37446 Homo sapiens 375
1BHOMSAP3 CAA33487 Homo sapiens 376
1BHOMSAPbetal AAA51592 Homo sapiens 375
1BHOMSAP4 EAX06097 Homo sapiens 355
1CHOMSAP3 AAH67421 Homo sapiens 375
1CHOMSAP P00326 Homo sapiens 375
1AHOMSAP P07327 Homo sapiens 375
1CHOMSAP2 AAHG62476 Homo sapiens 375
4HOMSAP AAB38424 Homo sapiens 374
4HOMSAP2 P40394 Homo sapiens 374
S5HOMSAP AAA35509 Homo sapiens 368
2HOMSAP P08319 Homo sapiens 380
2HOMSAP2 AAA51595 Homo sapiens 392
2HOMSAP3 NP_000661 Homo sapiens 380
2HOMSAP4 EAX06088 Homo sapiens 380
2HOMSAPS EAX06089 Homo sapiens 380
3HOMSAP EAX06085 Homo sapiens 395
3HOMSAP2 P11766 Homo sapiens 374
3HOMSAP3 AAA51597 Homo sapiens 392
3HOMSAP4 AAV38636 Homo sapiens 374
1GORGOR AAL56229 Gorilla gorilla 269
5PONABE Q5R7Z8 Pongo abelii 375
1APONABE Q5RBP7 Pongo abelii 375
1BPANTRO Q5R1W2 Pan troglodytes (chimpanzee) 375
Cercopithecidae 1BPAPHAM P14139 Papio hamadryas 375
1AMACMUL P28469 Macaca mulatta (rhesus) 375
1MACMUL AAA36830 Macaca mulatta 375
1CPAPHAM 097959 Papio hamadryas 375
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Table 1S Cont.

Taxonomy ADH type Accesion number Species Sequence size
Kingdoms Phylum Class Order Families
Animalia Chordata Mammalia Perissodactyla Equidae 1SEQUCAB P00328 Equus caballus (horse) 375
3EQUCAB P19854 Equus caballus (horse) 374
Lagomorpha Leporidae 10RYCUN Q03505 Oryctolagus cuniculus (rabbit) 375
20RYCUN 046650 Oryctolagus cuniculus 379
20RYCUN2 046649 Oryctolagus cuniculus 379
30RYCUN 019053 Oryctolagus cuniculus 374
Rodentia Cricetidae 1APERMAN P41680 Peromyscus maniculatus (deer mouse) 375
SPERMAN P41681 Peromyscus maniculatus 375
Murinae 1MUSMUS2 AAH13477 Mus musculus (house mouse) 375
1AMUSMUS P00329 Mus musculus 375
1MUSMUS 1402250A Mus musculus 375
4MUSMUS AAHA47267 Mus musculus 374
4MUSMUS2 Q64437 Mus musculus 374
2MUSMUS3 CAB57455 Mus musculus 377
2MUSMUS QoQYY9 Mus musculus 377
2MUSMUS2 NP_036126 Mus musculus 377
3MUSMUS P28474 Mus musculus 374
1RATNOR P06757 Rattus norvegicus (norway rat) 376
1RATNOR2 AAA40681 Rattus norvegicus 376
1RATNOR3 gi|225439 Rattus norvegicus 376
4RATNOR CAA67297 Rattus norvegicus 374
4RATNOR2 P41682 Rattus norvegicus 374
2RATNOR AAI27505 Rattus norvegicus 377
2RATNOR2 Q64563 Rattus norvegicus 377
5RATNOR Q5XI195 Rattus norvegicus 376
3RATNOR P12711 Rattus norvegicus 374
4RAT AAB30153 Rattus sp 374
4RAT2 A53142 Rattus sp 374
Geomyidae 1GEOTEX AAC98960 Geomys texensis 375
1AGEOATT Q9z72M2 Geomys attwateri 375
1GEOKNO AAC98957 Geomys knoxjonesi 375
1AGEOKNO Q64415 Geomys knoxjonesi 375
1GEOKNO2 AAA03600 Geomys knoxjonesi 375
1GEOBUR AAC98958 Geomys bursarius major 375
1AGEOBUR Q64413 Geomys bursarius (plains pocket gopher) 375
1GEOKNOBUR AAA03596 Geomys knoxjonesi x Geomys bursarius major 375
1GEOBUR AAA03595 Geomys bursarius 375
1GEOKNOBUR2 AAA03597 Geomys knoxjonesi x Geomys bursarius major 375
Artiodactyla Bovidae 5BOSTAU AAI120379 Bos taurus 375
S5BOSTAU2 AAI30017 Bos taurus 375
5BOSTAU3 AAI12631 Bos taurus 375
3BOSTAU Q37C42 Bos taurus 375




Table 1S Cont.

ADH type Accesion number Species Sequence size
Kingdom Phylum Class Order Families
Animalia Mollusca Cephalopoda Octopoda Octopodidae 30CTVUL P81431 Octopus vulgaris 378
Nematoda Chromadorea Rhabditida Rhabditidae 2CAEELE 045687 Caenorhabditis elegans 351
1CAEELE Q17334 Caenorhabditis elegans 349
3CAEELE Q17335 Caenorhabditis elegans 384
Platyhelminthes Turbellaria Tricladida Dugesiidae 3SCHMED ABG78601 Schmidtea mediterranea 379
Fungi Ascomycota Saccharomycetes Saccharomycetales Saccharomycetaceae 1SACCER 2HCY Saccharomyces cerevisiae (Yeast) 347
1SACCER2 P00330 Saccharomyces cerevisiae 348
1SACBAY AAP51042 Saccharomyces bayanus 348
1SACPAS AAP51050 Saccharomyces pastorianus 348
2SACBAY AAP51043 Saccharomyces bayanus 348
2SACPAS AAP51051 Saccharomyces pastorianus 348
2SACCER P00331 Saccharomyces cerevisiae 348
5SACBAY AAP51045 Saccharomyces bayanus 351
5SACPAS AAP51053 Saccharomyces pastorianus 351
5SACCER P38113 Saccharomyces cerevisiae 351
5SACPAS2 Q6XQ67 Saccharomyces pastorianus 351
2KLUMAR AAF91235 Kluyveromyces marxianus 348
2KLUMAR2 Q9P4C2 Kluyveromyces marxianus 348
1LACKLU AAP51046 Lachancea kluyveri 351
2LACKLU AAP51047 Lachancea kluyveri 351
1KLULAC P20369 Kluyveromyces lactis 350
1KLUMAR Q07288 Kluyveromyces marxianus 348
1KLUWIC AAP51039 Kluyveromyces wickerhamii 348
2KLULAC CAA45739 Kluyveromyces lactis 348
2KLULAC2 P49383 Kluyveromyces lactis 348
3SACCER AAA34409 Saccharomyces cerevisiae 375
3SACCER2 P07246 Saccharomyces cerevisiae 375
3SACBAY AAP51044 Saccharomyces bayanus 375
3SACPAS AAP51052 Saccharomyces pastorianus 375
4LACKLU AAP51049 Lachancea kluyveri 377
4KLUMAR BAF43529 Kluyveromyces marxianus 379
4KLUWIC AAP51041 Kluyveromyces wickerhamii 374
4KLULAC P49385 Kluyveromyces lactis 375
3KLUWIC AAP51040 Kluyveromyces wickerhamii 371
3LACKLU AAF43645 Lachancea kluyveri 373
3LACKLU2 AAP51048 Lachancea kluyveri 373
3KLUMAR BAF43528 Kluyveromyces marxianus 375
3KLULAC P49384 Kluyveromyces lactis 374
2PICANO CAH56496 Pichia anomala 372

dl



Table 1S Cont.

Kingdoms Phylum Class Order Families
Fungi Ascomycota Saccharomycetes Saccharomycetales Saccharomycetaceae 2PICSTI AAC49990 Pichia stipitis 348
2PICSTI2 013309 Pichia stipitis 348
1PICSTI 000097 Pichia stipitis 348
1CANALB P43067 Candida albicans 350
2CANALB CAA21988 Candida albicans 348
2CANALB2 094038 Candida albicans 348
Dipodascaceae 1YARLIP AAD51737 Yarrowia lipolytica 349
2YARLIP AAD51738 Yarrowia lipolytica 351
2YARLIPs CAG79670 Yarrowia lipolytica (strain: CLIB122) 351
2YARLIP2 XP_504077 Yarrowia lipolytica 351
Sordariomycetes Hypocreales Clavicipitaceae 1METANI ABD49723 Metarhizium anisopliae 353
Sordariales Chaetomiaceae 1CHAGLO EAQ83781 Chaetomium globosum (strain: CBS148.51) 356
Sordariaceae INEUCRA Q9P6C8 Neurospora crassa 353
Eurotiomycetes Eurotiales Trichocomaceae 1ASPNID EAA64311 Aspergillus nidulans (strain: FGSC A4) 350
1EMENID AAA33291 Emericella nidulans (=Aspergillus nidulans) 349
1EMENID2 gP08843 Emericella nidulans 350
1ASPTER EAU30544 Aspergillus terreus NIH2624 350
1ASPFLA P41747 Aspergillus flavus 349
3EMENID CAA26541 Emericella nidulans 352
3EMENID2 P07754 Emericella nidulans 352
Viridiplantae Streptophyta Coniferopsida Coniferales Pinaceae 1PINBAN AAC49539 Pinus banksiana 375
Liliopsida Poales Poaceae 10RYRUF BAC87775 Oryza rufipogon 379
10RYMER BAC87779 Oryza meridionalis 379
10RYGLU BAC87778 Oryza glumipatula 379
10RYSAT BAC87776 Oryza sativa 379
1HORVUL P05336 Hordeum vulgare 379
1ZEAMAY CAA27682 Zea mays 379
2HORVULVUL P10847 Hordeum vulgare subsp. vulgare 373
3HORVULVUL CAA31231 Hordeum vulgare subsp. vulgare 379
2ZEAMAY P04707 Zea mays 379
20RYRUF BAE00043 Oryza rufipogon 379
20RYSAT BAE00044 Oryza sativa 379
20RYGLU BAE00047 Oryza glumipatula 379
20RYMER BAE00049 Oryza meridionalis 379

dl



Fig. 1S Detailed representation of the relationships obtained with fish protein sequences
using the neighbor-joining method, Poisson-corrected amino acid distances, and
pairwise deletion of gaps/missing data. Numbers representing bootstrap values

higher than 80% are shown. Scale bar indicates levels of sequence divergence.

Fig. 2S Representation of the relationships obtained with the amphibian protein sequences
using the neighbor-joining method and Poisson-corrected amino acid distances.
Bootstrap values higher than 80% are shown. Scale bar indicates the sequence

divergence level.

Fig. 3S Detailed representation of the relationships obtained with the reptilian protein
sequences using the neighbor-joining method and Poisson-corrected amino acid
distances. Bootstrap values higher than 80% are shown. Scale bar indicates the

sequence divergence level.

Fig. 4S Bird protein sequences relationships obtained using the neighbor-joining method
and Poisson-corrected amino acid distances. Bootstrap values higher than 80% are

shown. Scale bar indicates the sequence divergence level.
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CAPITULO 6

DISCUSSAO
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O entendimento da diversidade funcional de familias génicas sempre foi um dos
maiores topicos de interesse da area de evolugdo molecular (Nei, 1987). Recentemente, sua
importancia para a Gendmica Funcional tem sido reconhecida (Bork e Koonin, 1998;
Henikoff ef al,, 1997). O sucesso de projetos objetivando desvendar o genoma de
diferentes organismos depende da habilidade em lidar com a informacdo resultante de
forma a realizar a predicdo de funcdes. Somente uma pequena parcela dos genes
sequenciados tem sido estudada experimentalmente. A medida que aumenta o nimero de
sequéncias disponiveis em banco de dados, aumenta também a necessidade de caracteriza-
las funcionalmente (Bork e Koonin, 1998). Assim, abordagens computacionais tornam-se
essenciais em virtude de sua maior rapidez quando comparadas aos experimentos de

bancada.

Atualmente, existem dois principais gargalos que necessitam ser superados para
que predi¢des funcionais eficientes possam ser implementadas na analise de sequéncias
protéicas. O primeiro deles refere-se a falta de um sistema amplamente aceito, robusto e
continuamente atualizado de métodos de analise de sequéncias integrados a um sistema de
predi¢do funcional eficiente. O outro ponto a ser considerado ¢ o excessivo “ruido” na
apresentacdo de dados experimentais, levando a descri¢des funcionais insuficientes ou

erroneas nos bancos de dados de sequéncias.

A producdo de genes duplicados ocorre através de processos de duplicacio
envolvendo grandes partes do genoma ou eventos de duplicagdo génica in tandem.
Adicionalmente, novos tipos de proteinas com multiplos dominios podem ser gerados
através de um mecanismo de rearranjo dos dominios (domain-shuffling). Assim, em

consequéncia desses processos de duplicacdo de genes e genomas e rearranjo de dominios,

151



muitos genes estdo representados como varios pardlogos no genoma, com fungdes

relacionadas, mas nao idénticas (Gu, 1999).

O surgimento de familias génicas propicia inovagdes funcionais, de forma que a
identificagdo de sitios de aminodcidos responsaveis por essa diversificagio ¢ de
fundamental importancia e possui grande potencial para a Gendmica Funcional porque ¢
custo-efetivo e pode ser testada experimentalmente. Para os evolucionistas moleculares ¢
desejavel conhecer o nivel de divergéncia funcional apds a duplicagdo de genes ou
genomas, bem como saber quantas substituigdes de aminodcidos estdo realmente
envolvidas em alteracdes funcionais. Uma vez que grande parte das mutagdes ndo possui
impacto funcional, pois representam evolugdo neutra, ¢ crucial desenvolver métodos
estatisticos apropriados para distinguir entre essas duas possibilidades (Gu, 1999). De fato,
algumas abordagens computacionais, tais como a busca por homologia ¢ o alinhamento
multiplo, podem ndo ser suficientes para solucionar determinado problema. Isso ocorre
especialmente quando as diferengas de aminoacidos entre copias de genes duplicados sdao
resultantes de uma duplicacdo gé€nica antiga ou de um evento rapido e recente de

divergéncia (Golding e Dean, 1998).

O objeto de estudo dessa Tese foi a familia génica da alcool desidrogenase. A ADH
¢ uma enzima classicamente caracterizada como glicolitica, mas que tem sido associada ao
metabolismo da noradrenalina, dopamina, serotonina e acido biliar (Ho0g et al., 2001),
bem como oxidagdo de retinol (Boleda et al., 1993; Martras e tal., 2004). Em plantas,
estudos experimentais indicam envolvimento no crescimento do tubo polinico (Bucher et
al., 1995), em pistilos polinizados (Van Eldik et al., 1997) e em detoxificagdo de sementes

(Garabagi et al., 2005), sendo que sua expressdo aumenta significativamente em situagoes
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de estresse, tais como desidratacdo, baixas concentragdes de oxigénio e temperaturas

(Dolferus et al., 1994).

Assim como ocorre em outras familias de proteinas, uma enorme quantidade de
sequéncias de ADH tanto de DNA quanto de proteinas encontra-se disponivel em bancos
de dados. Essa regido tem sido extensivamente utilizada como marcador molecular em
estudos que objetivam estabelecer as relagdes filogenéticas entre organismos,

especialmente em plantas.

Em humanos, variantes da classe I de ADH tém sido associadas a um efeito de
protegdo ao alcoolismo (Osier et al., 2002). Elevada expressdo de ADH classe III tem sido
associada a diversos tipos de cancer. Em pacientes com cancer pancreatico, credita-se essa
expressdo aumentada a libera¢do dessa enzima por células cancerosas (Jelski e Zalewski,
2008). Em pacientes homozigotos para ADH3 foi comprovado um risco aumentado de
adenocarcinomas de esdfago (Terry et al., 2007). E possivel que a ADH contribua para o
dano causado pelo Helicobacter pylori na mucosa gastrica. Esse organismo esta fortemente
associado a gastrite cronica, ulcera e adenocarcinoma. (Cornally et al., 2008). A agdo
combinada de xantina oxidoredutase e ADH produz espécies reativas de O, que causam
danos ao DNA contribuindo para a carcinogénese e cancer de mama (Wright et al., 1998).

Ha evidéncias de que ADH também gera espécies reativas de oxigénio ¢ 6xido nitrico em

neurdnios humanos (Haorah ef al., 2008).

Acredita-se que essa enzima possa ser candidata, em estudos de quimioterapia,
potencialmente como agente anti-giardiase (Dan e Wang, 2000) e anti-candidiase
(Swoboda et al., 1993). H4 um consideravel interesse em alcool desidrogenases estaveis

para uma ampla gama de aplicacdes nas industrias de alimentos, farmacéuticas e de
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quimica fina. Representam elas um importante grupo de biocatalisadores, ja que possuem a
capacidade de reduzir estereoquimicamente compostos carbonilados. Assim podem ser
usadas eficientemente na sintese de alcoodis oticamente ativos (Chen et al, 2008). A
produgdo de didis € particularmente desejada visto que s3o importantes blocos de
construcdo de produtos quimicos (Haberland et al., 2002). Por exemplo, o (2S,5S)-
hexanodiol ¢ utilizado para compostos farmac€uticos. Para obtengdo desses compostos,
alguns grupos tém utilizado a engenharia de proteinas, alterando a composi¢do de
aminoacidos da ADH de microorganismos, tais como Pyrococcus furiosus, para aumentar
sua atividade catalitica, fornecendo um ambiente eficiente para a catalise dos compostos de
interesse (Machielsen et al., 2008). Esses estudos mostram que varias partes da proteina,
incluindo a regido de ligagdo ao substrato, sitio de ligagdo do cofator e regides perto do
sitio ativo, podem resultar em adaptacdes que permitem o aumento da atividade em baixas
temperaturas, provavelmente devido ao aumento na flexibilidade das alcas da molécula
(Liang et al., 2004; Shiraki et al., 2001; Vieille e Zeikus, 2001). ADH de levedura, figado
de cavalo e Thermoanaerobium brockii estdo disponiveis comercialmente (Chen et al.,
2008). Em plantas, foi demonstrado que a introducdo de haloalcano dehalogenase
juntamente com ADH enddgena em plantas de tabaco cria uma via completa para a
degradacdo de 1,2-DCA (haloalcano 1,2-dicloroetano), usado para a producdo de

herbicidas e desinfetantes (Mena-Benitez et al., 2008).

Acima foi descrito como estudos computacionais contribuem para o
desenvolvimento da Gendmica Funcional, com especial aplicagdo na andlise de
divergéncia funcional no entendimento da evolucdo e diversificacdo da fungdo de genes
duplicados de determinada familia protéica. Foram mostrados varios exemplos do papel da

ADH em diversos processos, evidenciando a importancia de seu estudo tanto para
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finalidades médicas quanto industriais. A identificagcdo de residuos funcionalmente
importantes através de estudos combinados de evolugdo molecular e biologia estrutural ¢
uma poderosa ferramenta para fornecer a localizagdo de residuos de aminoacidos que
podem servir como potenciais alvos de engenharia de proteinas e desenho racional de
farmacos e compostos de interesse na industria farmacéutica ou de quimica fina. A seguir

os principais resultados obtidos nessa Tese serdo avaliados.

No Capitulo 3 foram analisadas 176 sequéncias (94 monocotiledoneas, 75
dicotiledoneas e sete gimnospermas) de DNA e proteina de alcool desidrogenases,
pertencentes a sete familias botanicas (Poaceae, Cyperaceae, Arecaceae, Fabaceae,
Brassicaceae, Paconiaceae e Pinaceae). Os resultados da andlise filogenética mostraram
que houve duplicagcdes recentes em Paeoniaceae e Cyperaceae, indicando que Adhl e Adh2
sdo mais relacionadas uma a outra do que a outras sequéncias de dicotiledoneas ou
monocotiledoneas. Portanto, tais duplicagdes devem ter ocorrido apds a diversificacao
dessas familias botanicas. A familia Arecaceae formou um grupo basal dentro das
monocotiledoneas, corroborando os dados obtidos por Borsch et al. (2003) usando o
marcador TrnT-TrnF. As sequéncias de Poaceae formaram dois clados, correspondendo a
Adhl e Adh2. Um terceiro clado (Adh3) parece ter surgido de um evento de duplicacdo de
Adh?2. Tais resultados concordaram com aqueles obtidos por Mathews e Sharrock (1996)
usando o gene do fitocromo. Com relagdo a Brassicaceae, a distribui¢do dos ramos e,
portanto, a relagdo entre as espécies, foi bastante similar a encontrada utilizando-se
sequéncias de ITS (Johnston et al., 2005). Como conclusdo geral, observa-se que diversos
eventos independentes de duplicacdo aconteceram em trés linhagens primarias

(monocotiledoneas, dicotiledoneas e gimnospermas), podendo ter sido seguidos por

pseudogenizacdo e eventuais delegdes.
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Apesar de ter sido detectada, em estudo realizado por Gaut e colaboradores (1999),
diferenga nas taxas de substituigdes ndo-sindnimas entre Adhl e Adh2 de plantas, nenhuma
evidéncia estatisticamente significante de atuacdo da selecdo positiva foi encontrada. Tal
fato ndo descarta a diversificagdo funcional de sitios especificos de aminoacidos, uma vez
que os testes de selecdo positiva detectam um conjunto limitado de eventos de selecio.
Assim, os estudos de diversificagdo funcional, apresentados no Capitulo 3, identificaram
doze residuos de aminoacidos como funcionalmente importantes entre os genes duplicados
Adhl e Adh2 e vinte e quatro comparando esta mesma enzima em diferentes familias
botanicas. Esses resultados foram obtidos para um Q(k) > 0,85. Quando um valor mais
restritivo (Q(k) > 0,90) foi aplicado encontraram-se trés sitios divergentes entre as copias
génicas e sete entre as familias botanicas. Os sitios importantes foram mapeados na
estrutura tridimensional de ADH de Arabis blepharophylla obtida utilizando-se
modelagem comparativa a partir da estrutura resolvida de ADH de Equus caballus.
Considerando-se os aminoacidos divergentes entre as coOpias génicas, observa-se que
Cys105, Vall08 e Aspl14 foram localizados em uma alg¢a proxima ao segundo atomo de
zinco, e Lys 230, Phe232 e Val275 estdo proximos ao sitio ativo. Quando consideramos a
divergéncia entre as familias botanicas verifica-se que Cys47 e Glu55 estdo adjacentes ao
sitio ativo; Vall08, Aspl14, Glul21, Gly123, Gly124 e Ile126 estdo em alca proxima ao
segundo atomo de zinco; ¢ Leu294, Ser299 e Thr306 localizam-se no segmento de
interagdo subunidade-subunidade. Portanto, tais residuos estdo localizados em regides de
reconhecida importancia funcional da proteina. Esses resultados indicam que a sele¢ao

natural € um importante fator na evolugdo da alcool desidrogenase em plantas.

Objetivando realizar uma analise mais detalhada do impacto da diversificagao

funcional na estrutura tridimensional da alcool desidrogenase em plantas foram deduzidas
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17 estruturas de ADH pertencentes as familias botanicas Poaceae, Brassicaceae, Fabaceae
e Pinaceae (Capitulo 4). Resultados indicaram que as Brassicaceae possuem as proteinas
com maior carga negativa, sendo que as regides do sitio ativo, segundo atomo de zinco e
segmento de interagdo entre as subunidades mostram as maiores diferengas. As formas
ADHI1 das Poaceae sdo mais basicas que as ADH2 da mesma espécie, sendo que
diferengas significativas no potencial eletrostatico encontram-se proximas ao segundo
atomo de zinco e no segmento de interacao entre os mondmeros. Com relagdo as Fabaceae,
a ADH de Lotus corniculatus possui uma concentracao diferenciada de cargas negativas na
regido do segmento de interagdo entre subunidades quando comparada com outras ADH da
mesma familia. A ADH de Pinus banksiana possui uma concentracao de cargas negativas
no sitio ativo. Considerando os residuos com Q(k) > 0,85, a regido de interacdo entre as
subunidades ¢ aquela que apresenta os residuos mais importantes funcionalmente em
Brassicaceae, Fabaceaec e Poaceae, sendo que os sitios presentes em hélices e algas
proximos ao atomo de zinco sdo variaveis em Fabaceae. A zona de interagdo dos dimeros ¢
importante na diferenciagdo de Poaceae e Pinaceae. Alguns residuos proximos ao sitio de

ligacdo da coenzima também sao fundamentais para a diversificagdo de ADH nas familias.

A evolugdo da dalcool desidrogenase em animais e fungos, juntamente com
sequéncias de plantas que ja haviam sido utilizadas nos manuscritos anteriores, foi avaliada
no Capitulo 5. A andlise filogenética de 192 sequéncias mostrou a ocorréncia de trés
grupos monofiléticos, correspondendo a esses trés tipos de organismos, confirmando os
resultados obtidos por Glasner et al. (1995). Duas sequéncias de C. elegans localizaram-se
proximas as de fungos, ja que também sdo ADHs tetraméricas. ADH3, correspondente a
formaldeido desidrogenase dependente de glutationa, formou um grupo monofilético com

grande suporte de bootstrap, incluindo sequéncias de vertebrados e invertebrados. Um
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grande grupo de ADHI1 foi formado. A ADH classe I de peixes apresenta caracteristicas
mistas, ja que ¢ estruturalmente similar a classe III e funcionalmente parecida com a classe
I. Tal condigao pode explicar porque sequéncias de ADH dos Actinopterygii formaram um
cluster separado das outras formas de classe 1. Essa ADH parece ter surgido cedo na
evolucdo dos vertebrados. De fato, quando foi encontrada a primeira sequéncia de ADH de
animais dessa classe mostrando caracteristicas mistas, foi possivel estabelecer que a
duplicacdo responsavel pela separacao entre as ADH de classes I e I1I deve ter ocorrido ha
500 milhdes de anos atras (Cafestro et al., 2002). As ADH4 de mamiferos ficaram
préoximas as de ADHI, o que ndo ¢ surpreendente, uma vez que sdo estruturalmente
similares. ADHs de classe II s3o encontradas nas linhagens de mamiferos e aves formando
um grupo irmao de ADH3, refor¢ando os resultados de Hjelmqvist et al. (1995). As ADHS8
de anfibios formam um grupo distinto, confirmando suas caracteristicas especiais, tais
como uma grande cavidade no sitio ativo e rearranjos especificos no sitio de ligagdo do

cofator (Rosell et al., 2003).

Verificou-se que, em mamiferos, as sequéncias formaram clusters diferentes de
acordo com o tipo de ADH, enquanto que em fungos houve uma disposi¢ao de acordo com
o género do organismo ¢ o tipo de ADH. Situagdo semelhante a de mamiferos ocorreu em
outros grupos de vertebrados. Assim como aconteceu em plantas, ndo foi identificado um
® > 1, ndo tendo sido encontrada evidéncia de atuacdo da sele¢do positiva. Ha a
possibilidade de que o teste aqui aplicado nao tenha sido sensivel o suficiente para detectar
eventos adaptativos nos genes Adh, mas ¢ também possivel que os loci Adh estejam
submetidos a eventos pontuais de substituicdes nao-sinénimas. Levando em consideragdo
que uma Unica modificagdo de aminoacido em uma enzima pode ter grande impacto na

estrutura e fungdo protéica, foi conduzida uma andlise de divergéncia funcional, que

158



identificou diversos residuos potencialmente importantes para a fun¢ao da enzima.

Durante a evolugdo das sequéncias, um residuo de aminoacido pode mudar de
muito conservado para altamente variavel e vice-versa. A divergéncia funcional depois da
duplicacdo génica pode causar mudangas nas taxas evolutivas de alguns sitios. Portanto,
detectar alteracdes nas taxas sitio-especificas pode fornecer uma lista de residuos de
aminoacidos que seriam responsaveis pela divergéncia funcional entre os membros de uma

familia génica.

A 4lcool desidrogenase ¢ composta por dois dominios ¢ todas as proteinas dessa
familia possuem similar enovelamento. O dominio de ligacdo do nucleotideo ¢ formado
por um motivo conhecido como Rossman fold (Lesk, 1995) , consistindo de fitas beta
paralelas e alfa hélices. O dominio catalitico contém residuos envolvidos na ligagdo do
substrato e um atomo de zinco localizado na cavidade entre os dois dominios. Em
mamiferos e plantas, a ADH ¢ uma enzima dimérica, ja em fungos e nas ADHI1 ¢ 2 de C.
elegans elas sdo tetraméricas. Os residuos divergentes nesses organismos localizaram-se
nas mesmas trés regides onde aminodcidos funcionalmente importantes foram
identificados nas plantas: posi¢do do segundo atomo de zinco, regido proxima ao sitio ativo
e segmento de interagdo entre mondmeros. E importante ressaltar que o zinco parece ser
importante para a catdlise e estabilizacdo da geometria do sitio ativo. Adicionalmente,
estudos focados na classe I indicaram que a ligagdo da coenzima com um mondmero de
ADH induz a aproximag¢do do dominio catalitico ao dominio de ligagdo da coenzima do
outro mondomero. Essa ultima conformacdo ¢é descrita como “fechada”, os dimeros
mantendo-se abertos na auséncia da coenzima promovem a ligacdo de pequenos alcoois,

diminuindo a probabilidade de ligagdo de alcoois maiores (Sanghani et al., 2000) (Persson
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et al., 1993, Danielsson et al., 1994).

O impacto dos residuos de aminoacidos identificados como potencialmente
funcionais em fungos, plantas e animais precisa ser investigado em mais detalhe. Estudos
futuros de docking e dindmica molecular podem ajudar a elucidar o papel de substituigdes
nas posicdes positivamente relacionadas a divergéncia. Tais procedimentos ja foram
conduzidos para a ADH de Equus caballus (c6digo PDB: 1N8K), a qual foi utilizada como
molde para a modelagem molecular comparativa no presente estudo. Tal estrutura e seus
complexos com a coenzima e o substrato mostram dois grupos carboxila proximos, mas
nao ligados ao zinco do sitio ativo. A carboxila de Asp49 forma uma ligagdo de hidrogénio
ao grupo imidazolico de His67 (um dos grupos que se liga ao zinco), enquanto que Glu68
esta localizado atras do ion, no sentido oposto ao sitio de ligagao do substrato (Ganzhorn e
Plapp, 1988). Alinhamentos de sequéncias de aminoacidos indicam que ambos os residuos
sdo conservados em todas as proteinas alcool desidrogenases de mamiferos, plantas e
fungos (Dennis et al., 1985; Chang e Meyerowitz, 1986). Estudos de mutagénese dirigida
indicaram que a mutagdo de Asp49 para Asn49 diminuiu a eficiéncia catalitica para a
oxidacdo do etanol e acarretou a redugdo do acetaldeido por um fator de 1000 vezes. Ja a
mutacao do residuo de aminoacido Glu68 para GIn68 diminuiu a eficiéncia catalitica por
um fator de 100 vezes (Ganzhorn e Plapp, 1988). Aparentemente, a atividade catalitica

diminuiu em fun¢do do ambiente eletrostatico alterado.

Tao importante quanto identificar residuos divergentes € avaliar quais posi¢des sao
conservadas entre as proteinas de diferentes organismos. Os sitios Thr/Ser48, His67, Glu68
e Phel140 s3o compartilhados por todas as ADH, sendo altamente conservados; entretanto,

a conservacdo nessas posicdes nao necessariamente implica em equivaléncia na
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especificidade quanto a oxidagdo do etanol. Um alto grau de conservagao ¢ verificado nas
ADH3; consequentemente, apresentam-se elas como um grupo monofilético quando sdo
conduzidas analises filogenéticas. Com relagdo a fungdo bioldgica, sabe-se que a ADH esta
envolvida em vias fisioldgicas distintas em humanos, tais como no metabolismo da
dopamina, serotonina, norepinefrina e acido biliar. Além disso, ela pode catalisar a
oxidacao do retinol in vitro € in vivo e tem sido sugerido que possa exercer uma fungao de
prote¢do contra a toxicidade da vitamina A. Em camundongos adultos o gene Adhl ¢
expresso em altos niveis no figado e também em niveis significativos no intestino grosso e
delgado, rins, adrenal, epididimo, utero e ovario (Gonzalez-Duarte e Albalat, 2005). Tal
diversidade de fun¢des foi inferida computacionalmente através dos estudos aqui
realizados de divergéncia funcional em vertebrados e invertebrados. De forma similar,
demonstramos teoricamente que a alcool desidrogenase de plantas e fungos provavelmente
deve estar submetida a processos de neofuncionalizagdo, com os eventos de duplicacdo que
14 ocorreram levando ao surgimento de novas atividades, além de identificar os residuos de

aminodcidos importantes para a diversificagdo dessas classes de enzimas.

Com relagao a evolugdo molecular dessas enzimas, nossa hipotese inicial foi a de
que a ADH estd submetida a um processo de evolucdo por nascimento ¢ morte (Nei e
Rooney, 2005), onde novos genes sdo criados por eventos de duplicagdo génica e alguns
desses genes duplicados sdo mantidos no genoma por um longo periodo de tempo,
enquanto outros sdo deletados ou se tornam nao-funcionais. A familia génica da alcool
desidrogenase apresenta varios eventos de duplicagdo, levando a um aumento no nimero
de copias. Mostrou-se nesse trabalho que tais copias sdo fundamentais no processo de
diversificacdo de fungdes. Alguns aspectos indicam claramente que a aplicacdo do modelo

de nascimento e morte ¢ adequada aos nossos resultados, como indicado por (Longhurst et
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al., 1994): (1) varios eventos de duplicacdo génica ocorreram ao longo do tempo; (2) os
loci da mesma espécie sdo mais distantemente relacionados entre si do que a seus
correspondentes em espécies diferentes; e (3) ha evidéncias de que alguns genes apds sua

duplicagdo tornam-se pseudogenes.

O estudo da diversificagdo funcional das macromoléculas ¢ de suma importancia
para uma melhor compreensdo da diversidade bioldgica. A evolugdo de genomas, a origem
de novos genes e 0s mecanismos responsaveis pela aquisicdo de novas fungdes sao
essenciais para o entendimento das adaptagdes bioquimicas. Esses mecanismos incluem os
moleculares que geram a diversidade e os processos evolutivos que fixam as mutagdes e
aperfeicoam as fung¢des. Como a redundancia ¢ mantida, ¢ em que extensdo afeta a
viabilidade de um organismo s3o questdes intrigantes. A avaliagdo de um maior numero de
familias génicas e o entendimento das relagdes entre as proteinas codificadas pelas mesmas
sd0 necessarios a fim de comegarmos a entender os processos que geram a diversidade

biologica que conhecemos.
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