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RESUMO
O fator de tradugdo 5A (elF5A) é altamente conservado e essencial para a
viabilidade celular. elF5A €& a unica proteina conhecida que sofre uma
modificagdo pos-traducional que gera um residuo de hipusina, essencial para
sua fungdo. Apesar de elF5A ja ter sido envolvida em diferentes vias celulares,
estudos mais recentes reforgcam seu papel no processo de sintese proteica, mais
especificamente na etapa de elongagao da tradugéo. Resultados do nosso grupo
revelaram uma relagdo funcional entre elF5A e o Fator de Elongacéo da
Tradugdo 2 (eEF2). No intuito de melhor compreender o papel de elF5A com o
processo de elongacgéo da tradugéo, o presente trabalho buscou aprofundar os
estudos de interacéo fisica entre elF5A e eEF2. Foi mostrado que elF5A nao
interage fisicamente de forma direta com eEF2 e que a interacdo fisica destes
dois fatores € dependente de complexos ribossomais. Ainda, foi revelado que
elF5A e eEF2 nao estdo presentes no ribossomo simultaneamente ou nao
ocupam o mesmo ribossomo por muito tempo. Além disso, como foi mostrado
que o homodlogo de elFS5A em bactéria, EF-P, interage fisicamente com a
proteina ribossomal L1, foi investigada a relagdo funcional entre elF5A e L1 em
levedura. Os resultados obtidos mostraram uma forte interacdo genética entre
estes fatores e uma possivel dependéncia da presencga de L1 para a ligagao de
elF5A no ribossomo. Por fim, como foi mostrado que elF5A é necessaria para a
traducdo de sequéncias de prolinas, as quais causam stalling do ribossomo
durante a traducdo, e que outros tipos de stalling do ribossomo recrutam e
ativam o complexo Ribossome Quality Control (RQC), foi estudada também a
interagcdo funcional entre o elF5A e os fatores do RQC, Lin1 e Tae2. Apesar de
ter sido identificada interagdo genética entre mutantes de elF5A e destes fatores
do RQC, néo foi possivel evidenciar que o complexo RQC seja recrutado pelo
ribossomo parado em sequéncias de poliprolinas. Porém, elF5A se mostrou
importante para a formagéao de agregados proteicos causados por sequéncias de
polilisinas. Adicionalmente, foi revelada uma correlacdo entre a expressio
normal de elF5A e a presencga de Sis1 e Cdc48 nesses agregados, sugerindo

uma possivel interagao funcional entre elF5A e o RQC.



ABSTRACT

The translation factor 5A (elF5A) is highly conserved and essential for cell
viability. elF5A is the only protein known to contain the essential amino acid
residue hypusine, generated by a post-translational modification. Although elF5A
has been involved in different cellular pathways, recent studies have
strengthened its role in protein synthesis, more specifically in the translation
elongation step. Results of our group revealed a functional correlation between
elF5A and the Translation Elongation Factor 2 (eEF2). To further investigate the
role of elF5A in translation elongation, we carried out new experiments to study
the physical interaction between elFS5A and eEF2. elF5A does not interact
directly with eEF2 and their physical interaction is dependent on ribosomal
complexes. Moreover, elF5A and eEF2 do not bind simultaneously to the same
ribosome or they do not occupy the same ribosome for a long time. Additionally,
as it was shown that the homolog of elF5A in bacteria, EF-P, interacts physically
with the Large Ribosome Protein 1 (L1). We evaluated a functional interaction
between elF5A and L1. The results demonstrated a strong genetic interaction
between these factors and a possible dependency of L1 in the elF5A ribosome
binding. Finally, as elF5A was recently involved in translation of polyproline
stretches, which cause ribosome stalling, and other types of ribosome stalling
recruit and activate the Ribosome Quality Control (RQC) complex, we also
investigated the functional interaction between elF5A and the RQC factors Ltn1
and Tae2. Although it was identified genetic interaction between mutants of
elFS5A and mutants of these RQC factors, ribosome stalled at polyproline
residues does not recruit the RQC complex. Curiously, it was observed that
elF5A is important for the formation of cellular aggregates caused by polylysines.
Additionally, it was shown a correlation between normal levels of elF5A in the cell
and the presence of Sis1 e Cdc42 in the aggregates, suggesting a possible
functional interaction between elF5A and the RQC complex.
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1 INTRODUCAO

1.1. A proteina elF5A

O fator de tradugao elF5A (eukaryotic translation Initiation Factor 5A) é uma
proteina relativamente pequena, de apenas 17 kDa, e altamente conservada em
arqueas e eucariotos (Schinier et al., 1991; Chen e Liu 1997).

A proteina elF5A sofre uma modificagdo pds-traducional unica, que
corresponde a hipusinagado de um residuo de lisina (Chen e Liu 1997; Park et al.,
1998). A formagdo do aminoacido hipusina (do inglés “hypusine:
hydroxyputrescine-lysine”) ocorre através da transferéncia, pela desoxi-hipusina
sintase (Dys1), de um grupo aminobutil da espermidina para o amino grupo livre
de uma lisina especifica, seguido de hidroxilagdo deste grupo pela desoxi-
hipusina hidroxilase (Lia1). A Figura 1 apresenta esquematicamente a via de
biossintese da hipusina. O grau de conservagao dos residuos flanqueadores do
sitio de hipusinacdo, nas diferentes espécies, revela a grande importancia deste
aminoacido raro (Chen e Liu 1997; Magdolen et al., 1994).

Apesar de nao existir proteina homologa de elF5A em eubactérias, o fator
de elongacédo da tradugdo de bactérias EF-P é um homodlogo estrutural de
elF5A. Curiosamente, foi observado que EF-P de um subgrupo de bactérias
sofre uma modificacdo pos-traducional em um residuo especifico de lisina na
posicédo 34, correspondente ao sitio de hipusinacédo de elF5A. Esta modificagéo,
denominada lisilagdo, é analoga a hipusinagdo e envolve a incorporagao de uma
lisina através da carbonila do grupamento amino da lisina 34 de EF-P pelas
enzimas YjeA e YjeK (Bailly e Crécy-Lagard, 2010; Navarre et al., 2010;
Yanagisawa et al., 2010). Apesar de EF-P ser essencial e o sitio alvo da
modificagao pds-traducional ser altamente conservado, esta modificagdo parece
nao ser essencial para a fungcdo de EF-P em todas as bactérias, uma vez que,
como mencionado anteriormente, esta modificacdo foi observada apenas em um
subgrupo de bactérias (Brochier et al., 2004; Bailly e Crécy-Lagard 2010).

Enquanto ortélogos de elF5A, assim como da enzima desoxi-hipusina

sintase, sdo encontrados desde arqueas até mamiferos, arqueas parecem nao
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possuir ortdlogos para a enzima desoxi-hipusina hidroxilase. Além disso, o gene
da desoxi-hipusina hidroxilase n&o é essencial em S. cerevisiae para
crescimento em nenhuma condigédo testada até o momento (Thompson et al.,
2004), enquanto o ortélogo de Schizosaccharomyces pombe € necessario para
o crescimento em temperaturas acima de 37°C (Weir e Yaffe, 2004). Por outro
lado, o gene para desoxi-hipusina hidroxilase é essencial para o
desenvolvimento tanto em Drosophila melanogaster como em Caenorhabditis
elegans (Park et al., 2010). Portanto, a primeira etapa da hipusinacdo é
essencial em todas as espécies que possuem elF5A, mas a segunda etapa
parece se tornar mais importante funcionalmente apenas ao longo da
progresséao evolutiva. Dessa forma, a substituigdo do residuo de lisina especifico
de elF5A, em S. cerevisiae, por arginina (K51R) leva a produgédo de elF5A nao
hipusinado, sendo este incapaz de permitir o crescimento celular quando é a
unica fonte de elF5A na célula (Schinier et al., 1991). Além disso, elF5A
recombinante, ndo hipusinada, ndo é funcional no ensaio de sintese de metionil-
puromicina, sendo que, apos modificacao in vitro pela desoxi-hipusina sintase, a
elFS5A recombinante passa a ser funcional neste ensaio (Park 1989; Smit-
McBride et al., 1989). Por fim, a regido flanqueadora do sitio de hipusinagao é
extremamente conservada ao longo da evolugédo, sendo formada por uma
sequéncia de doze aminoacidos: STSKTG-HIPUSINA-HGHAK (Park et al., 1993;
Magdolen et al., 1994; Chen e Liu, 1997). Portanto, todos estes dados mostram
gue a hipusinagdo ou, ao menos sua primeira etapa, € essencial para a fungao
in vivo de elF5A.

O fato de elF5A ser a unica proteina eucaridtica que sofre hipusinagao
evidencia uma atividade bioldgica fundamental para este fator. A importancia da
hipusinacao para a atividade de elF5A no processo de tradugéo foi mostrada a
partir da observacao de que elF5A humana recombinante, ndo hipusinada, foi
incapaz de estimular a sintese in vitro de metionil-puromicina. Entretanto,
quando este precursor foi modificado in vitro para a forma hipusinada, a proteina
resultante tornou-se ativa neste ensaio (Park 1989; Smit-McBride et al., 1989).
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As estruturas tridimensionais de homodlogos de elFS5A de arqueas,
protozoarios, levedura e de humanos foram determinadas e revelaram varias
caracteristicas comuns (Kim et al., 1998; Peat et al., 1998; Tong et al., 2009;
Yao et al., 2003). Segundo esses estudos, elF5A é uma proteina dividida em
dois dominios predominantemente compostos por folhas beta. A comparagao
destes dominios com outras proteinas de estruturas tridimensionais conhecidas
mostra que o dominio N-terminal (dominio 1), o qual contém a hipusina, possui
um dobramento classificado como Translation Protein SH3-like motif, o qual
também esta presente em varias proteinas ribossomais
(http://supfam.org/SUPERFAMILY; (Gough et al., 2001)). O C-terminal (dominio
Il), por sua vez, & similar a dobramentos de proteinas que se ligam a acidos
nucléicos de fita simples (Single-stranded Oligonucleotide Binding Fold), o qual
esta presente em proteinas de diferentes fungbes celulares que se ligam a RNA
ou DNA fita simples (http://supfam.org/SUPERFAMILY; (Gough et al., 2001).

Ainda, a estrutura tridimensional de EF-P de bactéria também foi
determinada por cristalografia e apresenta caracteristicas similares com as
obtidas para elF5A. Diferentemente de elF5A, EF-P possui trés dominios, sendo
que os dominios | e Il sdo sobreponiveis, respectivamente, aos dominios N-
terminal (dominio I) e C-terminal (dominio Il) de elF5A. Acredita-se que dominio
Il de EF-P surgiu devido a um evento de duplicagdo do dominio Il (Figura 2A).
Outra caracteristica similar entre as estruturas de EF-P e elF5A é a posicdo de
suas modificagdes pos-traducionais, no topo da alcga flexivel no dominio | destas
proteinas (HANAWA-SUETSUGU et al. 2004).

elF5A esta relacionada a traducao de proteinas. Embora a funcédo de elF5A
como fator de inicio de tradugdo nunca tenha sido claramente demonstrada,
estudos realizados por nosso laboratério e por outros, revelaram a associagao
de elF5A com ribossomos traducionalmente ativos e trouxeram esse fator de
volta ao cenario da tradugéo (Jao e Chen, 2006; Zanelli et al., 2006). Ensaios de
co-purificagdo seguidos de espectrometria de massas revelaram que elF5A
interage com algumas proteinas ribossomais e com o fator de elongacéo de
traducao 2 (eEF2), componentes da maquinaria de tradug&o. Ainda, foi mostrado

20



que elF5A interage especificamente com monossomos funcionalmente ativos, e
que mutantes condicionais de elF5A apresentam defeito no perfil polissomal e
sdo sensiveis a inibidores da tradugédo (Zanelli et al., 2006). Aléem disso, a
analise de diferentes mutantes de elF5A demonstrou uma diminuigao na sintese
proteica total nas condi¢gdes n&o-permissivas de crescimento (Cano et al., 2008;
Dias et al., 2008). Além disso, estudos recentes utilizando diferentes mutantes
condicionais de elF5A em S. cerevisiae revelaram um aumento de polissomos
em relagdo a monossomos na temperatura ndo permissiva, dados que sugerem
defeito na elongacdo da traducédo (Gregio et al., 2009; Saini et al., 2009). Ao
verificar a velocidade do transito ribossomal nesses mesmos mutantes, foi
constatado um atraso significativo, na temperatura ndo permissiva (Gregio et al.,
2009; Saini et al., 2009), resultado que fortalece a idéia do envolvimento da
proteina elF5A com a elongacédo da tradugdo. Ainda, mutantes de elF5A né&o
apresentaram formacao do “P-bodies” (agregados de mRNA e proteinas, onde
ocorre a degradagdo do mRNA) na temperatura ndo permissiva, caracteristica
semelhante a observada para células tratadas com ciclo-heximida, um inibidor
da elongacéao da traducgéo. Este efeito sobre os “P-bodies” também é consistente
com um papel de elF5A na fase de elongacédo de tradugao (Gregio et al., 2009).

Finalmente, um mutante de elF5A (tif51AP%)

apresentou defeito na
capacidade do ribossomo de realizar alteragdo programada da janela de leitura
(Ribosomal Programmed Frameshifting - PRF) +1, de forma similar ao que
ocorre com a ceélula selvagem tratada com sordarina, um inibidor do fator de
elongacédo eEF2. Esse resultado, aliado ao fato desse mutante ser sensivel a
sordarina, sugere uma interagao funcional entre elF5A e o fator de elongagao
eEF2 (Saini et al., 2009). Concordante com essa idéia esta o fato de que o
mutante tif51A-3 mostrou-se sinteticamente doente com o mutante dominante
negativo do fator de elongacao eft2**%¢ (Gregio et al., 2009).

Assim, apesar de estimular a sintese in vitro de metionil-puromicina, os
dados recentes sugerem fortemente um papel para elF5A na elongagdo da

traducéo.
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Embora a atuagdo de elF5A na traducgdo seja clara, ndo esta determinado
se ela atua de maneira geral ou especifica e, sendo especifica, que tipo de
mensageiros sao favorecidos por este fator. Ha pouco tempo, foi observado que
elF5A e seu homodlogo estrutural em bactéria, EF-P, apresentam um importante
papel na atenuacdo de um tipo de stalling dos ribossomos, ou seja, elF5A
facilitaria a tradugdo de uma sequéncia de aminoacidos do polipeptidio, que por
algum motivo, atrasa o processo de traducdo. Estes resultados foram
observados durante o processo de traducdo de proteinas com sequéncias
consecutivas de poliprolinas, demonstrando assim uma provavel fungao
especifica para estes fatores no processo de tradugcédo (Doerfel et al., 2013;
Gutierrez et al., 2013; Ude et al., 2013). Corroborando com o papel na tradugéo
de sitios com sequéncia de prolina, elF5A foi mostrado ser essencial para a
fertiidade e o crescimento celular polarizado através da tradugdo da proteina
Bnil, que possui sitio com 12 prolinas e tem seus niveis drasticamente
diminuidos em mutantes de elF5A (Li et al., 2014).

Para compreender melhor como elF5A atua na tradugao de poliprolinas, é
necessario conhecer o seu local de ligagdo no ribossomo. Foi mostrado,
recentemente que elF5A se liga ao ribossomo de maneira quase idéntica ao seu
homologo estrutural EF-P, entre o sitio E (exit) e P (peptidyl) do ribossomo e que
ambos possuem interagao fisica com a proteina ribossomal L1, também
chamada de Rpl1 (Ribosome Protein Large 1) (Gutierrez et al., 2013; Blaha et
al., 2009). Sendo assim, elFS5A n&o ocupa em momento algum o sitio A
(aminoacyl), que é o ponto de ligacdo de eEF2 no ribossomo (Figura 2B) e o
local onde o tRNA aminoacilado chega ao ribossomo trazido pelo Fator de
Elongacéo 1A (eEF1A).

Mais recentemente, foi demonstrado por Cryo-EM e com uma resolugéo
alta que elF5A de Saccharomyces cerevisiae se liga no sitio E do ribossomo
60S e interage com rRNA e proteinas ribossomais. Enquanto o dominio N-
terminal (dominio 1) interage predominantemente com as hélices H74 e H93 do
rRNA 25S, o dominio C-terminal (dominio Il) e a extensdo do N-terminal de
elF5A (que corresponde a sequéncia dos primeiros 16 aminoacidos) interagem
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com L11 e/ou L42 (Figura 2C) (Schmidt et al., 2015). Além disso, este trabalho
mostra que ha uma interagao fisica entre a arginina da posigdo 27 (R27) de
elF5A e o tRNA presente no sitio P do ribossomo e, ainda, que a hipusina de
elF5A interage com o nucleotideo da posi¢céo 76 do tRNA-Pro presente no sitio
P, facilitando assim a traducéo de residuos consecutivos de prolina (Schmidt et
al., 2015).

Por fim, vale ressaltar que todas estas analises foram realizadas utilizando
ribossomos associados com o complexo Ski que, em leveduras, esta associado
a degradagao de mRNA aberrantes. Sendo assim, €, pela primeira vez, sugerido
um possivel papel para elF5A no controle de qualidade de mRNA aberrantes
(Schmidt et al., 2015).
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Figura 1. Via de biossintese do residuo de aminoacido hipusina no precursor de
elF5A. Esquema simplificado da modificagdo pés-traducional de elF5A. A
porcédo 4-aminobutil proveniente da poliamina espermidina estd sombreada e é
transferida ao residuo de lisina do precursor inativo de elF5A por meio da acao
da enzima desoxihipusina sintase (Dys1 em levedura, DHS em humanos). O
intermediario resultante, agora contendo desoxihipusina, € posteriormente
hidroxilado pela enzima desoxihipusina hidroxilase (Lia1 em levedura, DOHH
em humanos), o que resulta na ativacédo de elF5A. As cadeias laterais da lisina,

desoxihipusina e hipusina estao destacadas (Park, 2006).
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Figura 2. Estrutura da proteina elFS5A e sua localizagdo no ribossomo 80S de
levedura. (A) Estrutura de elF5A (amarelo) mostrando os dominios N-terminal
(dominio I) e C-terminal (dominio Il) em sobreposigcdo com os dominios | e Il da
estrutura de EF-P (azul) (Hanawa-Suetsugu et al. 2004). (B) Modelagem
molecular utilizando a estrutura do ribossomo 80S ligado a eEF2 e a de elF5A,
baseada no posicionamento conhecido de EF-P em ribossomos 70S (Danuza
Rossi, dados ndo publicados). (C) Localizagdo de elF5A no ribossomo 80S de
levedura obtida por Cryo-EM, evidenciando as interagbes fisicas com L1 e L42
(Schmidt et al., 2015).
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1.2. A proteina ribossomal L1
Rpl1 (Ribosome Protein Large 1), também conhecida como L1, é uma

proteina estrutural da subunidade 60S do ribossomo, essencial para viabilidade
celular e que n&o é encontrada livre no citosol. Como acontece com outras
proteinas ribossomais, os genes de RPL1A e RPL1B s&o paralogos e codificam
proteinas 100% idénticas. No entanto, a expressdo de RPL1B é cerca de 2
vezes maior em relacdo a expressao de RPL1A, de maneira que, apesar de
serem genes reduntantes, o efeito do nocaute de RPL1B é relativamente mais
severo que o de RPL1A (Petitjean et al., 1995, Mclntosh et al., 2011).

Apesar da diferenga no grau de severidade dos nocautes, a
superexpressao de L1A recupera o defeito causado pelo nocaute de L1B,
demonstrando que o defeito ndo é paralogo especifico (Mcintosh et al., 2011).

Diferentemente das demais proteinas ribossomais, o nocaute de RPL1B
(rpl1BA) apresenta fendtipo de crescimento lento além da diminuigédo discreta do
pico da subunidade 60S e da quantidade baixa de halfmeres (a presenca de
halfmer indica um excesso do pré complexo 43S parados no mRNA esperando
pela subunidade 60S (Rotenberg et al., 1988)), no entanto, apresenta redugéo
nos niveis de polissomos mais pesados, o que pode representar um defeito no
inicio da traduc&o (Mclintosh et al., 2011).

Ainda, em perfil polissomal de linhagens rp/1BA, apesar de se manter
constante nos polissomos, a proteina L1 diminui cerca de dois tergos no pico de
60S e metade no pico de 80S o que indica que o ribossomo pode se montar sem
L1, mas estes ribossomos n&o se engajam na tradugéo.

Em E. coli, embora L1 ndo seja essencial, cepas sem esta proteina
perdem cerca de 50% da atividade em comparagdo com a selvagem
(Subramanian e Dabbs, 1980). Ainda em E. coli, foi também demonstrado haver
interacdo fisica entre o dominio Il de EF-P e L1 (Blaha et al., 2009).

Mais recentemente foi sugerido uma fungdo importante para L1. E
conhecido que uma sequéncia com pelo menos quatro cédons CGA causa uma
parada na tradugao (ribosome stalling), pois foi demonstrado que a tradugéo
destes codons de arginina é facilitada quando ha deplegdo do gene RPL1B

26



(Letzring et al., 2013). Apesar dos dados, ainda ha necessidade de mais estudos
para mostrar se o aumento da tradugdo dos cédons CGA ¢é devido a reducgao da
tradugéo geral causado pela delecdo de Rpl1B ou algum papel especifico desta

proteina.

1.3. O complexo Ribosome Quality Control (RQC)
O complexo de Ribosome Quality Control (RQC) desempenha um

mecanismo de controle de qualidade em um ribossomo impedido de prosseguir
a sintese proteica durante a elongagéo, ou seja, um ribossomo em stalling. Foi
demonstrado que este complexo atua para tentar liberar ribossomos em stalling
apos a tradugao de residuos consecutivos de aminoacidos basicos (sequéncia
polibasica), como uma sequéncia de 12 lisinas. Estes peptideos com 12 lisinas
causam o stalling devido a interagdo eletrostatica entre a carga positiva dos
residuos de aminoacidos com o interior do tunel de saida do ribossomo, que
possui carga negativa (Dimitrova et al,. 2009). Utilizando um repdrter com
sequéncia polibasica, identificou-se 0 RQC como um complexo de controle de
qualidade cotraducional que atua degradando o peptideo nascente na presenga
de stalling no ribossomo e liberando os ribossomos associados a este tipo de
peptideo para que possam ser engajados novamente no processo celular de
traducdo (Brandman et al., 2012).

Inicialmente, a proteina Ltn1 foi associada com degradagéo de peptideos
nascentes em repodrteres com sequéncia polibasica (Bengtson e Joazeiro 2010).
ApOs esta caracterizagdo inicial, foram realizados varios ensaios de interagao
genética e fisica, o que levou a caracterizagdo do complexo RQC: Ltn1/Rkr1 (E3
ubiquitina ligase), Tae2/Rqc2, Rqc1 e Cdc48 (Brandman et al, 2012;
Defenouillere et al., 2013; Verma et al., 2013).

Atribuiu-se a Tae2 a funcdo iniciadora de formacdo do complexo RQC.
TaeZ2 reconhece e se liga ao peptidil tRNA nao hidrolisado presente no sitio P da
subunidade 60S do ribossomo que sofreu stalling. Adicionalmente, Tae2 se liga
em torno do 28S rRNA, na hélice H69, que também é um sitio de ligagcdo da
subunidade 40S. Levando-se em conta o tamanho da proteina Tae2, de
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aproximadamente 120 kDa, este dado sugere que Tae2 também tenha a fungéo
de impedir a reassociagdao do ribossomo, ajudando assim na estabilizagdo de
Ltn1 na subunidade 60S do ribossomo que sofreu stalling, uma vez que Lin1 é
incapaz de se ligar ao ribossomo 80S (Lyumkis et al., 2014; Defenouillére et al.,
2013). Mais recentemente, foi mostrado que Tae2 promove o recrutamento do
tRNA de alanina e treonina, desencadeando a formacédo de uma pequena cadeia
peptidica contendo repeticdes destes dois aminoacidos e de maneira
idependente de mRNA ou da subunidade 40S do ribossomo. Esta cadeia
peptidica induzida por Tae2 pode ser responsavel por identificar o ribossomo
que sofreu stalling e otimizar o processo de controle de qualidade da célula
(Shen et al., 2014) (Figura 3). Apos Ltn1 ser recrutada, esta induz a
ubiquitinacdo do peptideo nascente. Apds ser ubiquitinado, o peptideo nascente
€ removido do tunel de saida do 60S pela ATPase Cdc48 e, entdo, degradado
pelo proteassomo (Brandman et al., 2012; Defenouillere et al., 2013; Verma et
al., 2013)

28



nascent chain

ubiquitylation

ribosome
stalling

P ' $ 7 nascent chain

Z / 7<\ _{7<\ / extraction
(( \\\ ~2 4 )— ”

U — Tae2

b Tae2 CAT tail
subunit elongation

dissociation

Figura 3- Modelo de funcionamento do complexo RQC. Apds ocorrer a parada na
traducdo do 80S, a subunidade 40S se dissocia. Ltn1 e Tae2 reconhecem uma
sinalizagdo do complexo peptideo nascente - tRNA - 60S e ligam-se na subunidade
60S com a fungao de ubiquitinar (Ub) o peptideo nascente que emerge no tunel de
saida. Cdc48 e seus co-fatores Npl4 e Ufd1 tém a fungdo remover o peptideo
nascente da subunidade 60S e disponibiliza-lo para degradagéo pelo proteassomo.
Tae2 liga-se no complexo sitio P — tRNA e inicia a elongacdo de uma cadeia
peptidica denominada cauda CAT pelo recrutamento de tRNA Ala (IGC) e tRNA Thr
(IGU) para o sitio A. A tradugéo desta cauda é modulada por Tae2 e ndo necessita
a presencga da subunidade 40S do ribossomo (adaptada de Shen et al., 2015).
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2. OBJETIVOS

2.1. OBJETIVOS GERAIS

Ampliar o conhecimento acerca das interagdes de elF5A com eEF2 e
Rpl1 e verificar uma possivel correlagao funcional entre elF5A e os fatores que
compdem o complexo Ribosome Quality Control (RQC)

2.2. OBJETIVOS ESPECIFICOS

2.2.1. Andlise da interacgao fisica entre elF5A e eEF2.
* Analise da interagao fisica direta entre elF5A e eEF2, utilizando o
sistema de duplo-hibrido em levedura.
* Analise da interacdo fisica entre elF5A e eEF2 via complexos
ribossomais.
* Investigacdo da presenca de eEF2 e outros fatores relacionados a
traducdo em ribossomos portando elF5A.

2.2.2. Andlise da interagao funcional entre elF5A e a proteina
ribossomal L1.

2.2.3. Analise da interagao funcional entre elF5A e o complexo RQC
(Ribosome Quality Control).

* Andlise de interagdo genética entre mutantes de elF5A e dos
fatores Lin1 e Tae2 do complexo RQC.

* Investigacdo do papel do complexo RQC em stalling de
poliprolinas.

* Analise da participagao de elF5A no funcionamento do complexo
RQC e na formag&o de agregados proteicos.
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3. MATERIAL E METODOS

3.1. MATERIAL

Tabela 1. Linhagens de S. cerevisiae utilizadas neste trabalho.

Linhagem Genoétipo Origem
MATa wura3 leu2 his3 Colegao do
VZL1074
kanMX4-tetOpr-TIF51A ura3::CMV-{TA laboratério
VZL1256 MATa can1A::STE2pr-Sp_hiss Ilyp1A his3A leu2A Colecgao do
ura3A met15A TIF51A::natMX4 laboratério
MATa can1A::STE2pr-Sp_hiss Ilyp1A his3A Este
VZL1257
leu2A ura3A met15A tif51A-1::natMX4 trabalho
VZL1259 MATa can1A::STE2pr-Sp_hiss Ilyp1A his3A leu2A Colecgao do
ura3A met15A tif51A%°%::natMX4 laboratério
MATa ura3 his3
Este
VZL1299 kanMX4-tetOpr-TIF51A  ura3::CMV-tTA
Trabalho
Itn1::LEU2
MATa ura3 leu2
Este
VZL1300 kanMX4-tetOpr-TIF51A ura3::CMV-tTA
Trabalho
tae2::HIS3
MATa ura3
Este
VZL1309 kanMX4-tetOpr-TIF51A ura3::CMV-tTA
Trabalho
Itn1::LEU2 tae2::HIS3
VZL1314 MATa can1A::STE2pr-Sp_hiss Ilyp1A his3A leu2A Este
ura3A met15A tif51AK%*::natMX4 rpl1B::KanMX4 Trabalho
VZL1315 MATa can1A::STE2pr-Sp_his5 Ilyp1A his3A leu2A Este
ura3A met15A tif51AK%::natMX4 tae2::KanMX4 Trabalho
VZL1316 MATa can1A::STE2pr-Sp_hiss Ilyp1A his3A leu2A Este
ura3A met15A tif51A-1::natMX4 tae2::KanMX4 Trabalho
VZL1317 MATa can1A::STE2pr-Sp_hiss Ilyp1A his3A leu2A Este
ura3A met15A tif51A%°%::natMX4 Itn1::KanMX4 Trabalho
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Tabela 2. Plasmideos utilizados neste trabalho.

Plasmideo Caracteristicas Origem
pSV20 URAS3, 2u Colegao do Laboratério
pSV36 TIF51A URAS3, 2u Colegao do Laboratério
pSV60 URA3, CEN Colegao do Laboratério
pSV138 TIF51A, URA3, CEN Colec¢ao do Laboratorio
pSV272 EFT2, TRP1, 2u Colegao do Laboratério
pSV285 TIF51A, LEU2, 2u Colegao do Laboratério
pSV DYS1, TRP1, 2u Colegao do Laboratério
pSV DYS1, TRP1, 2u Colegao do Laboratério
pSV PUB1, TRP1, 2u Colegao do Laboratério
pSV1563 FLAG-2A-HIS3-P3-4HA, 2u, URA3 Este Trabalho
pSV1564 FLAG-2A-HIS3-P6-4HA, 2u, URA3 Este Trabalho
pSV 1566 FLAG-2A-HIS3-4HA, 2u, URA3 Bengtson e Joazeiro 2010
pSV 1567 FLAG-2A-HIS3-K12-4HA, 2u, URA3 Bengtson e Joazeiro 2010
pSV1609 FLAG-EAP1, LEU2, 2u Este Trabalho
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Tabela 3 - Oligonucleotideos utilizados neste trabalho.

Oligonucle
Descrigdo
otideo
ATTGGCGGCCGCTATCCGTATGACGTCCCGGACTATGCATATCC
P(n)_F GTATGACGTCCCGGACTATGCATATCCGTATGACGTCCCGGACTA
n
N TGCATAACCCGGGCGCGGATCCTAGTGACACC
CAATGCGGCCGCCTGCATAGTCCGGGACGTCATACGGATATGGT
P(3)_RV GGTGGACCCGCGCCGGATCCCATAAAAAC
CAATGCGGCCGCCTGCATAGTCCGGGACGTCATACGGATATGGT
P(6)_RV GGTGGTGGTGGTGGACCCGCGCCGGATCCCATAAAAAC
FLAG CGGGATCCACAATGGACTACAAAGACGATGACGACAAGGAACTC
AACGACCCTTC
EAP1_FW
FLAG-
CCGCTCGAGTTATTTGAAACTTAGCCTGTTACCTGTGCTAG
EAP1_RV
3.2. METODOS

A manutencgdo, o cultivo das linhagens de S. cerevisiae e de E. coli, a
composicao e o preparo dos meios de cultura e solugdes e os protocolos das
técnicas utilizados neste trabalho seguiram procedimentos padrédo descritos nos
manuais de laboratério (Guthrie e Fink 1991; Ausubel 2014; Amberg 2005).

3.2.1. Transformacgao de levedura
Inicialmente, uma coldnia de S. cerevisiae foi inoculada em 5 mL de meio

apropriado e incubada a 25°C sob agitagdo por um periodo de 16 horas. Apos
esse periodo, 500 pL da cultura foram centrifugados a 16.000 xg por 5
segundos. O sobrenadante foi descartado e as células foram ressuspendidas em

1 mL de LiAc 100 mM e incubadas sob agitacdo por 15 minutos a 25°C.
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Terminado esse periodo, as células foram centrifugadas na condigdo anterior
por 5 segundos e o0s seguintes componentes foram  sequencialmente
adicionados: 480 uL de PEG 4000 (50%), 72 pL de LiAc 1 M, 100 yL de DNA
carregador (DNA de esperma de salmao; 2 mg/mL), 5 yL de DNA plasmidial a
ser transformado e 63 pL de agua Milli-Q estéril. O conteudo foi ressuspendido e
logo em seguida incubado por 20 minutos a 42°C para choque térmico. As
células foram centrifugadas a 16.000 xg por 10 segundos e ressuspendidas em
100 pL de agua Milli-Q estéril. A seguir, foram plagueadas em meio seletivo e
incubadas na temperatura adequada até a obtengao de coldnias.

3.2.2. Teste de crescimento celular
As linhagens de interesse foram cultivadas em 5,0 mL de meio apropriado

(YPD ou SC) até atingir concentragao celular correspondente a D.O.gp0nm = 0,6.
As células foram centrifugadas em volume adequado de cultura a 600 xg por 7
minutos e ressuspendidas em meio de cultura apropriado para concentragio
final de 2,5x10® células/mL. Foram aplicados 200 uL de cada amostra no
primeiro pogo da microplaca e os outros pogos foram preenchidos (5 colunas)
com 180 uL de meio de cultura apropriado. Em seguida, foram realizadas cinco
diluicdes seriadas (1:10) homogeneizando bem em cada etapa. Com ajuda de
micropipetador multicanal, foram aplicados 2,5 uL das amostras em meio de
cultura apropriado. As placas foram incubadas nas temperaturas de interesse

pelo tempo adequado.

3.2.3. Duplo-hibrido em S. Cerevisiae (Sistema da linhagem L40)
O sistema de duplo-hibrido da linhagem L40 é baseado nas propriedades

das proteinas Gal4 de levedura e LexA de procarioto e utiliza a linhagem L40
para investigar interagao fisica entre duas proteinas. Esta linhagem contém os
dois genes repdrteres do sistema de duplo-hibrido HIS3 e lacZ e a interagao
fisica é identificada pela capacidade de gerar ativagdo destes genes reporteres.
O gene TIF51A foi clonado no vetor plasmidial plasmidial pACT para a produgao
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da proteina em fusdo com dominio de ativagdo de Gal4 (Gal4-AD) enquanto o
gene codificador de eEF2, EFT2, foi clonado no vetor pBTM116, para produzir a
proteina em fusdo com a proteina de ligacdo ao DNA LexA (pBTM116-EFT2). O

préximo passo foi introduzir ambos plasmideos na linhagens L40.

Como controles do experimento, a linhagem L40 foi transformada também
com a construgdo pACT-elF5A juntamente com pBTM-Dys1 e pBTM-Lia1 que
sdo as proteinas presentes na modificagdo pos-traducional de elF5A e que,
neste ensaio, foram utilizadas como controle de interacdo forte e fraco,
respectivamente. Além disso, também foi utilizada a construgdo pBTM-Pub1
como controle negativo uma vez que a proteina Pub1 n&o possui interagao fisica
com elF5A.

Os transformantes foram cultivados em meio SC-leu,-trp (selegdo apenas
para os plasmideos) e entdo testados utilizando os fendtipos His™ e PB-
galactosidade”™ (atividade de B-galactosidade) através de teste de diluigdo
seriada.

3.2.3.1. Teste de crescimento em meio desprovido de histidina

Protocolo idéntico ao descrito em 3.2.2., porém, os meios utilizados para
crescimento foram SC-leu-trp (controle de crescimento) e SC-leu-trp-his
(observagao da expressao do gene reporter HIS3). Todas as placas foram
incubadas a 30°C por 3 dias.

3.2.3.2. Ensaio de B-galactosidase

As linhagens de interesse foram cultivadas a 30°C em 5 mL de meio
seletivo até aproximadamente 1-2x10” células/mL. Apds centrifugacdo a 3.000
xg por 10 minutos e remogdo do meio de cultura, as células foram
ressuspendidas na concentragdo de 2,5x10® células/mL. 3 pL da suspensdo
foram aplicados sobre uma membrana de nitrocelulose (Amersham Biosciences)
sobre meio sdlido YPD, e deixadas crescer durante uma noite a 30°C. A
membrana foi entdo transferida para uma nova placa de petri e as células foram
lisadas por congelamento durante uma hora em freezer -80°C com as células

voltadas para cima. Um papel de filtro (Whatman) foi colocado em uma placa de
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petri de 100 mm e umidecido com 1,5mL de Tampdo Z (NaHPO, 60 mM,
NaH,PO4 40 mM, KCI 10 mM, MgSO4 1 mM pH7,0) adicionado de X-gal (0,5
mg/mL). A membrana, com as células voltadas para cima, foi colocada sobre
este papel de filtro e incubada a 30°C em camara Umida até o desenvolvimento
de coloracao azul.

3.2.4. GST-pulldown
3.2.4.1 - Preparacao do extrato celular e crosslinking

A linhagem VZL1074 transformada com pSV36 ou pSV20 e foram
crescidas em 50 mL de meio de cultura SC-URA e durante 16h. A seguir, foram
diluidas em 400mL do meio e crescer até a D.O.gponm = 0,8. Apos 0 indculo
atingir esta D.O., as células foram tratadas com formaldeido para uma
concentracao final de 1%, durante 30 minutos a temperatura de 4°C. Para parar
a acao do formaldeido, as células foram incubadas com 0,125 mM de glicina por
5 minutos a temperatura ambiente. Em seguida, centrifugaram-se as culturas em
garrafas, previamente geladas, a 3.500 xg por 5 minutos a 4°C. As células foram
lavadas com 10,0 mL de tampao (Tris - HClI 20 mM pH 7,5; KAc 50 mM; MgCl,
10 mM) e, entdo, transferi-las para tubo conico de 15 mL e centrifuga-las a 3.500
xg, por 5 minutos a 4°C. Para realizar a lise, as células foram ressuspendidas
em 350 pL de tampéao (Tris - HClI 20 mM pH 7,5; KAc 50 mM; MgCl, 10 mM)
adicionado de inibidores de protease (PLAC 1mM e DTT - ditiotreitol TmM) e
transferidas para um tubo de 1,5 mL contendo 1 g de pérolas de vidro, as células
foram entdo submetidas a agitagdo em aparelho Fastprep MPbio (trés ciclos de
20 segundos, na velocidade 4.0, com intervalos de 1 minuto). Os lisados obtidos
foram transferidos para um novo tubo e, em seguida, centrifugados a 14.000 xg
por 30 minutos a 4°C, para clarificacdo. Por fim, sobrenadante foi transferido

para um novo tubo de 1,5 mL e medida a D.O.260nm da amostra.

3.2.4.2 - Clivagem dos polissomos com RNase A
Ao extrato celular clarificado, foram adicionada RNase A na proporcédo de
1mg de proteina total para 30 yg de RNase A e a amostra foi incubada em
temperatura ambiente por 30 minutos. A eficiéncia desta etapa de clivagem foi
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checada em gradiente de sacarose (perfil polissomal) antes de prosseguir com o
ensaio de GST-pulldown.

3.2.4.3 - Incubacgao do extrato com a resina

200 pL de resina Glutationa Sepharose 4B (GE Healthcare) foram lavados
por 3 vezes com 1,0 mL de tampéao (Tris - HCI 20 mM pH 7,5; KAc 50 mM;
MgCl, 10 mM) e incubados com 1,2 mg de proteina total do extrato celular por 2
horas sob agitagdo em agitador rotativo a 4°C. Posteriormente, centrifugaram-se
as amostras por 1 minuto a 10.000 rpm, removeram-se os sobrenadantes e
lavaram-se 8 vezes as resinas com 1,5mL de tampéao (Tris - HCI 20 mM pH 7.5;
KAc 50 mM; MgCl, 10 mM). Apos as lavagens, sa resinas foam ressuspendidas
em 400 pL de tampao de amostra para proteinas e fervidas por 96°C por 5

minutos.

3.2.5. Perfil polissomal
3.2.5.1 — Preparagao do gradiente de sacarose

Os gradientes foram preparados adicionando-se, subsequentemente, em
tubo de polialdmero (14X89 mm/12,5 mL - Beckman), 6,0 mL de solugbes de
sacarose 10% e 50% em tampao (Tris - HCI 20 mM pH 7,5; KAc 50 mM; MgCl;
10 mM), utilizando uma seringa de 10 mL e agulha de extremidade n&o-
perfurante de 15 cm. Em seguida, os tubos foram colocados para equilibrar o
gradiente no aparelho Gradiente Master iP modelo 107 (BIOCOMP).

3.2.5.2 - Fracionamento dos gradientes
Um volume de lisado equivalente a 20 D.O.z0nm foi aplicado sobre o

gradiente de sacarose e centrifugado a 39.000 rpm por 3 horas a 4°C em rotor
SW-41.Ti, utilizando ultracentrifuga Beckman. Foram utilizados para o
fracionamento dos gradientes de sacarose contendo o extrato de levedura
separado por densidade, o sistema da Bio-Rad e um fluxo continuo de 1,0
mL/minuto de solugéo de sacarose 60% e a D.O.254nm foi determinada por um
leitor UV conectado ao sistema.
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3.2.6. Western blot
3.2.6.1 — Tranferéncia iumida

As amostras proteicas foram separadas por eletroforese em gel de
poliacrilamida na presenca de SDS (SDS-PAGE) e transferidas para membrana
de nitrocelulose. As membranas foram bloqueadas com tampao PBST (PBS 1X,
0,25% Tween-20) contendo leite desnatado a 10%, por 30 minutos. Em seguida,
as membranas foram incubadas com uma diluicdo adequada de soro primario
em PBST contendo 5% de leite desnatado por 2 horas a temperatura ambiente.
Apos esse periodo, as membrana foram lavadas por trés vezes com PBST e
incubadas novamente com anti-lgG de coelho conjugado com peroxidase,
diluido corretamente em PBST contendo 5% de leite desnatado, por uma hora a
temperatura ambiente. Apos trés novas lavagens com PBST, as membranas
foram tratadas com reagentes quimioluminescentes (0,1 M Tris-HCI pH 8,5; 1,25
mM luminol e 0,250 mM &acido p-cumario) e expostas a filme autorradigrafico.

3.2.6.2 — Transferéncia semisseca

As amostras proteicas foram separadas por eletroforese em gel de Tris-
Glicina 4-20% (invitrogen) e transferidas para membrana de PVDF. As
membranas foram bloqueadas com tampado TBST (40mM Tris-HCI pH 7.4;
150mM NaCl; 0,1% Tween-20) contendo leite desnatado a 5%, por 60 minutos.
Em seguida, incubadas com uma diluigdo adequada de soro primario em TBST
contendo 3% de BSA por 1 hora a temperatura ambiente. Apds esse periodo,
membrana foram lavadas trés vezes com TBST e incubadas novamente com
anti-lgG de coelho conjugado com peroxidase, diluido corretamente em TBST
contendo 5% de leite desnatado, por uma hora a temperatura ambiente. Apds
trés novas lavagens com TBST, as membranas foram tratadas com pierce® ECL
western blotting substrate (Thermo Scientific) por 2 minutos e expostas a filme
autorradigrafico. Este protocolo foi utilizado durante o periodo no laboratorio do
Dr. Claudio Joazeiro e gerou da figura 18 a 24 deste trabalho.

38



3.2.7. Cruzamento, esporulacgao e dissecgao de S. cerevisiae
A técnica descrita a seguir foi realizada na obtencdo de todas as

linhagens utilizadas nos testes de interacédo genética.

3.2.7.1. Cruzamento
As linhagens hapldides de interesse foram cruzadas na superficie de agar
YPD e incubadas por uma noite a 25°C. A selecdo de dipldides foi feita pela
transferéncia, com veludo estéril, do crescimento obtido na placa de YPD para a
placa de meio duplo seletivo, de acordo com as marcas auxotroficas de cada
linhagem. As placas foram incubadas a 25°C até o aparecimento de massa
celular no meio duplo seletivo. O crescimento obtido foi repassado para o

mesmo meio seletivo, para isolamento de col6nias dos diploides.

3.2.7.2. Esporulagao
Apos selecao adequada do dipldide, foi preparado in6culo deste em meio
S-SPO liquido (2,5 g de extrato de levedura; 15 g acetato de potassio; 40 mg de
adenina, uracila e tirosina; 20 mg de histidina, leucina, lisina, triptofano,
metionina e arginina; 100 mg de fenilalanina e 350 mg de treonina em 1 litro de
agua destilada) e incubado a 25°C, sob agitagdo, até a formagdo de ascos

(cerca de 5 a 10 dias).

3.2.7.3. Dissec¢ao

Foram centrifugados momentaneamente 200 pyL da cultura submetida a
esporulacdo. O sobrenadante foi removido e as células ressuspendidas em 100
ML de sorbitol 20%. A quebra de parede do asco se deu com a adi¢cédo de 1,5 L
de zimoliase (10pg/uL, B-glucuronidase) e incubagdo da reagao a temperatura
ambiente por 8 minutos. Em seguida, foi adicionado 1 mL de sorbitol 20% para
diluir a reagcdo de digestdo, e as células ficaram em gelo até a disseccédo. A
disseccao dos ascos foi realizada, utilizando microscépio de dissecgdo, em
placa de meio YPD, que posteriormente foi incubada a 25°C até a obtencéo de
colbnias isoladas.

3.2.7.4. Caracterizacao de tétrades

As marcas de auxotrofia para os hapldides obtidos foram determinadas

39



utilizando diferentes meios de cultura seletivos. O mating type foi determinado
através do cruzamento com cepas de mating type conhecido e selegdo dos
dipléides em meio seletivo apropriado. Outras marcas, como resisténcia a
antibiéticos, também foram analisadas utilizando placas de meio YPD/SC- ura
contendo esses reagentes.

3.2.8. Curva de crescimento e calculo do tempo de dobramento
As linhagens de interesse foram cultivadas em 3,0 mL de meio YPD por 24

horas. Estas linhagens fora diluidas para 10 mL de cultura em D.O.gponm = 0,15 €
a D.O.s00nm fOoi medida a cada duas horas e plotar o grafico usando o programa
Office Excel. O tempo de dobramento foi calculado através do periodo que as
linhagens necessitaram para dobrar de uma D.O.gp0nm = 0,30 para 0,60. Ambos
experimentos foram realizados em triplicata biologica.

3.2.9. Recombinagdao homdloga
A técnica de recombinagdo homodloga foi utilizada na obtengédo das linhagens

VZL1299 (tetOpr TIF51A Altn1) e VZL1309 (tetOpr TIFS1A Altn1 Atae2).

3.2.9.1. PCR (Polymerase Chain Reaction)
As reagbes de PCR foram realizadas em tubos de microcentrifuga de 0,5

mL contendo 1 uM de cada oligonucleotideo, 100 ng de DNA plasmidial, 1 U da
enzima Phusion (Invitrogen), 1x tampdo e 1 uL de uma mistura de
desoxiribonucleotideos (10 mM cada), num volume final de reagdo de 50 uL. As
condi¢cbes das reagdes foram estabelecidas de acordo com a temperatura de
hibridizagdo dos oligonucleotideos utilizados. Apds o ultimo ciclo, a reagao foi
mantida a 72°C por 10 minutos e, a seguir, a 4°C até o momento da préxima
etapa. Entdo, os produtos da reacdo foram analisados por eletroforese em gel
de agarose 0,8% em TAE (Tris 40 mM, acido acético glacial 0,11% e EDTA 1
mM), contendo 1 ug/mL de brometo de etidio. Ao DNA foi adicionado tamp&o de
amostra (azul de bromofenol 0,125%, xileno cianol 0,125% e glicerol 50%) e a
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solugédo foi aplicada no gel. O gel foi submetido a voltagem de 100 V. O DNA foi
visualizado utilizando luz ultravioleta e a imagem documentada utilizando o
aparelho Alphalmager 2200 (Alpha Innotech Corporation). A banda referente ao
tamanho do gene amplificado (LEUZ2 ou HIS3) foi recortada do gel e purificada
utilizando o kit de purificacdo de gel de agarose (QIAGEN).

3.2.9.2. Transformacgéo de levedura para recombinagdo homéloga

Inicialmente, uma colbnia de S. cerevisiae (VZL1074) foi inoculada em 5
mL de meio apropriado e incubada a 25°C sob agitagdo por um periodo de 16
horas. Apds esse periodo, estas células foram diluidas para 10 mL em uma
D.O.600nm = 0,2 e novamente incubadas a 25°C sob agitagdo. Apds a cultura
atingir D.O.s00nm = 0,6, as células foram centrifugadas a 8.000 xg por 5 minutos.
O sobrenadante foi descartado e as células foram ressuspendidas em 1 mL de
LiAc 100 mM e incubadas sob agitagdo por 15 minutos a 25°C. Terminado esse
periodo, as células foram centrifugadas na condigdo anterior e os seguintes
componentes foram na sequéncia adicionados: 280 yL de PEG 4000 (50%), 30
ML de LiAc 1 M, 20 yL de DNA carregador (DNA de esperma de salmao; 2
mg/mL), 2 ug de DNA a ser transformado e 50 pL de agua Milli-Q estéril. O
conteudo foi ressuspendido e logo em seguida incubado por 45 minutos a 42°C
para choque térmico. As células foram centrifugadas a 8.000 xg por 5 minutos e
ressuspendidas em 500 puL de YPD estéril e incubada a 25°C sob agitagao por
um periodo de 4 horas. A seguir, as células foram novamente centrifugadas, o
sobrenadante foi descartado e o pellet resuspendido em 200 yL de agua Milli-Q
estéril. As células foram plaqueadas em meio seletivo e incubadas na

temperatura adequada até a obtencao de coldnias.

3.2.10. Obtencao dos genes reporteres
Os genes reporteres deste trabalho foram construidos baseando-se no

modelo usado por Bengtson e Joazeiro, 2010, que se utiliza de um plasmideo
que contém o promotor de GPD (glyceraldehyde 3-phosphate dehydrogenase)
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O primer foward contém um sitio da enzima de restricido Notl, 3 vezes a
sequéncia que codifica para o tag HA e a regido de hibridizagdo complementar a
sequéncia do vetor usado como molde para a reag¢ao. Por sua vez, o primer
reverse possui também um sitio da enzima de restricado Notl, 1 sequéncia do tag
HA, a sequéncia de residuos de prolina (CCA) e uma regido de hibridizagédo
complementar ao vetor, neste caso a hibridizagdo ocorre na regido
correspondente ao gene HIS3. Apos a reacao de PCR, o produto amplificado foi
checado em gel de agarose 0,8% e a banda adequada foi purificada com kit de
purificagdo de gel de agarose (QIAGEN). O produto desta purificacdo de gel foi
digerido com a enzima de restrigdo Nofl por 3 horas a 37°C, sendo que na ultima
hora desta reagcdo foram adicionados 2 pyL da enzima de restrigdo Dpnl para
degradar o DNA molde. Em seguida, esta amostra foi purificada utilizando o Kit de
purificagdo de PCR (QIAGEN) e foi realizada a reagéao de ligagdo com 50 ng de
DNA, 2 uL de tampao de ligase, 1 yL de ligase (NEB) e volume final de 20 uL e
esta reacao foi incubada por 2 h na temperatura ambiente. Por fim, foram
utilizados 3 L desta reacdo de ligagcédo para transformagédo de bactéria (DH5a
High Efficiency, INVITROGEN). A bactéria transformada foi plaqueada em meio
seletivo. Das col6nias selecionadas, foi realizado extragcdo de DNA plasmidial (Kit
de mini prep QIAGEN) e a clonagem foi confirmada por sequenciamento de DNA
(Genewiz). A Figura 4 apresenta o esquema dos genes reporteres utilizados neste
estudo.

3.2.11. Co-imunoprecipitagcao com tag de FLAG
Inocular a linhagem VZL1074 transformada com gene reporter em 5 mL de

meio de cultura SC-URA e incuba-la por 16 horas. A seguir, diluir em 40mL do
meio em D.O.,n, = 0,3 e adicionar doxiciclina na concentragéo final de 10pg/mL e
incubar por 19h, sob agitacdo, a 30°C. Em seguida, centrifugar as culturas a
3.500 xg por 10 minutos a 4°C. Lavar as células com 5,0 mL de tampé&o (Tris -
HCI 20 mM pH 7,5; KAc 50 mM; MgCl, 10 mM) e, entéo, transferi-las para tubo
cbnico de 15 mL e centrifuga-las a 3.500 xg, por 5 minutos a 4°C. Para realizar a

lise, ressuspender as células em 400 pL de tampéao (Tris - HClI 20 mM pH 7.5;
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KAc 50 mM; MgCl, 10 mM) adicionados de inibidores de protease (PLAC 1TmM e
DTT - ditiotreitol 1mM), transferi-las para um tubo de 1,5 mL contendo 1 g de
pérolas de vidro e submeté-las a agitacdo em aparelho Fastprep (trés ciclos de
20 segundos, na velocidade 4.0, com intervalos de 1 minuto). Transferir o lisado
obtido para um novo tubo e, em seguida, centrifuga-lo a 6.800 xg por 5 minutos
a 4°C, para clarificacédo. Transferir o sobrenadante para um novo tubo de 1,5 mL
e determinar a D.O.260nm da amostra.

Incubar 1 pg de anti-FLAG (a-M2-FLAG SIGMA) com 1 mg de proteina
total do extrato celular por 2 horas sob agitagdo, em agitador rotativo a 4°C.

Lavar 20 yL de beads magnéticas (Dynabeads Protein G Life Technologie)
por 3 vezes com 1,0 mL de tampéao (Tris - HCI 20 mM pH 7,5; KAc 50 mM;
MgCl, 10 mM), adicionar as beads lavadas a mistura anti-FLAG mais extrato
celular e incubar por mais 2 horas sob agitacdo, em agitador rotativo a 4°C.
Posteriormente, lavar as beads por 3 vezes com 1,0 mL de tamp&o (Tris - HCI
20 mM pH 7,5; KAc 50 mM; MgCl, 10 mM). Apos as lavagens, ressuspender as
beads em 15 uL de tampao de amostra para proteinas e ferver por 96°C por 5

minutos.
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Gene Reporter construido neste trabalho

Figura 4. Esquema dos genes repdrteres de stalling por poliprolina. Foi utilizado

como molde para as reagbes de PCR, o mesmo reporter “KO” presente em

Bengtson e Joazeiro, 2010. No primer 5-3' foram inseridos um sitio de

restricdo da enzima Notl e trés regides codificadoras para HA na regido C-

terminal do gene repoérter. O primer 3’-5’ continha as sequéncias de prolinas

(CCA), uma regido codificadora para HA e também um sitio de restricdo da

enzima Notl. Os sitios de Notl foram inseridos para serem usados na reacao de

ligacao do DNA, apods a elongacao do gene por PCR.
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4. RESULTADOS E DISCUSSAO
4.1. Analise da interagao fisica entre elF5A e eEF2

Apesar de elF5A ter sido relacionada com inicio da tradugdo, mais
recentemente, alguns grupos, incluindo o nosso, revelaram a associagdo de
elF5A com a elongacgéo da tradugédo e uma relagao funcional com eEF2 (Gregio
et al., 2009; Saini et al., 2009). Baseados nestes dados, decidimos aprofundar
os estudos da relacéo funcional entre elF5A e eEF2.

4.1.1. Anadlise da interacdo fisica direta entre elF5A e eEF2 utilizando o
sistema de duplo-hibrido em levedura
E conhecido que existe uma interacdo fisica entre elF5A e eEF2
dependente de ribossomos ativos (Zanelli et al, 2006). Sendo assim, foi
investigado se ha interagcéo direta entre este fatores utilizando os sistema de
duplo-hibrido in vivo. Neste sistema, a levedura modificada L40 contém os
genes repoérteres HIS3 e LacZ cuja expressdo é desencadeada pela
proximidade de Gal4-AD (Gal4-activation domain, pACT-elF5A) e LexA
(pBTM116-eEF2). Inicialmente, os niveis das proteinas fusionadas expressas
por estes vetores foram testadas por western blot (dados ndo mostrados). A
auséncia de crescimento em meio seletivo (SC-leu, -trp, -his) e da atividade de
B-gal resultante da combinagdo de Gal4-elF5A e LexA-eEF2 indicam que estes
fatores ndo possuem interagao fisica direta em ensaios de duplo-hibrido. (Figura
5).
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Figura 5. Andlise da interacao fisica direta entre elF5A e eEF2 utilizando o sistema
de duplo-hibrido. A linhagem L40 contendo pACT-elF5A foi transformada com
pBTM116-eEF2, Dys1, Lial ou Pub1. Foi realizada diluicdo seriada e os
transformantes foram plaqueados em meio SC-leu,-trp (controle de crescimento) e
SC-leu,-trp,-His (expressdo de HIS3). As células foram repassadas para uma
membrana de nitrocelulose para teste da atividade de (-gal (expressao de lacZ).
A interacdo entre elF5A e Pub1 foi utilizada como controle negativo, e elF5A-Dys1
(interacao forte) ou elF5A-Lia1 (interagéo fraca) foram utilizados como controles

positivos.
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4.1.2. Andlise da interagcdo fisica entre elF5A e eEF2 via complexos
ribossomais

Para melhor compreender a interacao fisica entre elF5A e eEF2, optou-se
por testar se ambos fatores estdo presentes simultaneamente no mesmo
ribossomo. Para tanto, foi estabelecido um novo protocolo do ensaio de GST-
pulldown onde os polissomos sdo digeridos com RNase A antes de serem co-
purificados com GST-elF5A, conseguindo assim uma populagdo de ribossomos
homogénea em relag&o a presenca de elF5A.

4.1.2.1. Teste de funcionalidade da constru¢do GST-elF5A

Antes de iniciar os ensaios com a proteina de fusdo GST-elF5A, foi
realizado o teste para comprovar a sua funcionalidade. Para isso, a linhagem
VZL1074 (tetO-TIF51A), a qual possui controle de expressdo de elF5A
endogena por promotor reprimivel por tetraciclina, foi transformada com pSV20
(vetor GST vazio, 2u), pSV36 (GST-TIF51A, 2u), pSV60 (vetor vazio, CEN) ou
pSV138 (TIF51A, CEN). Posteriormente, foi realizado o teste de diluicdo seriada
e analisado crescimento em meio SC-ura, contendo 2% de galactose e
adicionado ou n&do de 3 pg/mL de doxiciclina (analogo de tetraciclina com
eficiéncia mais alta). As linhagens transformadas com pSV20 e pSV60
(plasmideos vazios) ndo foram capazes de crescer nestas condigbes, o que
comprova a eficiéncia da inibicdo da expressao de elF5A enddgena pela
doxiciclina. Ja a linhagem transformada com o pSV138 apresentou crescimento
comparavel ao meio sem a droga, demonstrando assim a complementagéo pelo
gene selvagem sem fusdo com GST. A linhagem transformada com o pSV36
(GST-TIF51A, 2u) apresentou os mesmos padroes de crescimento que o
controle sem a fusdo (pSV138), o que comprova a funcionalidade desta proteina
de fusao, possibilitando a sua utilizagdo nos ensaios descritos a seguir (Figura
6).
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Figura 6. Teste de funcionalidade da proteina de fusao GST-elF5A. A linhagem
VZL1074 (tetO-TIF51A) transformada com pSV20 (GST), pSV60 (vetor CEN
vazio), pSV138 (TIF51A, CEN) ou pSV36 (GST-TIF51A) foram submetidas ao
teste de diluicdo seriada e plaqueadas em meio de cultura na auséncia e na
presenca de 3 pg/mL de doxiciclina para testar a capacidade de
complementacéo da levedura com elF5A depletada pela construgcido plasmidial
expressando GST-elF5A.
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4.1.2.2. Ensaio de co-purificagdo, apos crosslinking, de ribossomos contendo
GST-elF5A

Existem varias maneiras de se realizar co-purificagado de proteinas. Devido
a experiéncia do nosso grupo bem como a disponibilidade dos reagentes
necessarios, optou-se pelo uso da técnica de “GST-pulldown”, utilizando a
proteina de fusdao GST-elF5A funcional.

A estratégia utilizada aqui para isolar uma populagdo homogénea de
ribossomos que contenha elF5A e analisar outros fatores ligados ao mesmo
tempo aos mesmos ribossomos envolveu a padronizacdo de um protocolo de
GST-pulldown com GST-elF5A, utilizando crosslinking por formaldeido e
obtencdo de monossomos pelo tratamento do extrato celular com RNase A.

Anteriormente, a utilizagcado de co-purificagdo de fatores ligados a elF5A por
GST-pulldown foi realizada por nosso grupo (Zanelli et al., 2006) e revelou que
elF5A se associa a ribossomos traducionalmente ativos. No entanto, a técnica
utilizada possui um inconveniente pois leva a co-purificacdo de polissomos, isto
e, elF5A co-purifica polissomos contendo ribossomos em diferentes etapas da
traducao e ligados ao mesmo mRNA, revelando um numero maior de interagdes
fisicas indiretas de diferentes fatores com elF5A, como esquematizado na Figura
7A.

Para remover este inconveniente da técnica, foi proposto utilizar RNase A
para digerir os mRNAs do extrato celular para obter amostra apenas contendo
monossomos, para subsequente co-purificacdo. No entanto, foi demonstrado
que a utilizacdo de RNase A faz com que o complexo ribossomal perca uma
série de componentes associados, entre eles, elF5A (Jao e Chen, 2006),
impossibilitando sua utilizacdo. Para contornar este problema, foi proposto o
tratamento deste extrato celular com formaldeido para inducédo de crosslinking
entre os fatores ligados aos ribossomos em diferentes passos da elongagao da
traducao, levando a sua estabilizagdo, o que possibilitaria separacdo destes
monossomos por RNase A sem a perda de componentes da maquinaria de
traducdo (Figura 7C). Outro fator importante no uso de formaldeido para este
experimento € o fato de ndo prejudicar a analise posterior das amostras por
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espectrometria de massas (Sutherland et al., 2008). A estratégia de co-
purificagéo utilizada esta esquematizada na Figura 8.

Assim, apds geragado de extratos celulares totais de linhagens produzindo
GST ou GST-elF5A tratadas com formaldeido, foi realizado um perfil polissomal
das amostras antes e depois do tratamento com RNase A, para confirmar a
efetividade do formaldeido e de RNase A. Como pode ser visto na Figura 9, a
amostra ndo digerida apresenta os picos de 40S, 60S, 80S e polissomos
caracteristicos de um perfil polissomal de linhagem selvagem. Ja na amostra
digerida com RNase A, observamos um grande aumento do pico de 80S e
auséncia de polissomos, uma vez que todos os polissomos estdo agora na
forma de monossomos, ou seja, no pico correspondente a 80S.

Destes mesmos extratos celulares totais de que foram realizados os perfis
polissomais, ou seja, linhagens produzindo GST ou GST-elF5A tratadas com
formaldeido, clivadas e n&o clivadas com RNAse A, foi realizado o GST-
pulldown seguindo o protocolo descrito em Materiais e Métodos e, em seguida, o
resultado foi analisado por western blot de fatores da maquinaria de traducéo
anteriormente demonstrados por nosso laboratério como ligantes indiretos de
elF5A (Zanelli et al., 2006). Na Figura 10, as canaletas L8 dos painéis A e B
demonstram que o numero total de lavagens da resina, apds a incubagdo com o
extrato, foi suficiente para eliminar o que nao estivesse ligado especificamente a
resina, ou seja, tudo que pudesse representar falsos positivos ao experimento. A
comparacgao entre as co-purificagdes com GST-elF5A (painel A) e GST (painel
B) é necessaria para observarmos a especificidade dos ligantes de elF5A. A
proteina ribossomal L5 esta presente apenas no material eluido da co-
purificacdo utilizando GST-elF5A, demonstrando que GST-elF5A, mas ndo GST
sozinha, € capaz de co-purificar ribossomo em concentragbes detectaveis por
western blot. Além da proteina ribossomal L5, eEF2 também foi observado
apenas no ensaio com GST-elF5A, mas ndao com GST. Estes resultados estdo
de acordo com aqueles previamente observados sem a utilizacdo de
formaldeido (Zanelli et al., 2006) e indicam que o crosslinking por formaldeido
nao altera as interagées do complexo. Por outro lado, o tratamento com RNase
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A manteve a co-purificacdo de L5 por GST-elF5A, mas a interagdo com eEF2 foi
perdida (Figura 10A). O dado de eEF2 ser co-purificado apenas com a amostra
nao digerida com RNase A é muito interessante pois sugere que elF5A e eEF2
ndo se ligam simultaneamente ao ribossomo ou se ligam mas ndo ocupam o
mesmo ribossomo por muito tempo.
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Figura 7. Representagcdo esquematica das etapas envolvidas na técnica de co-
purificagao por GST-elF5A utilizada neste trabalho. (A) Representagéo
dos ribossomos traducionalmente ativos ligados a um mesmo mRNA. (B)
Como ¢é esperado que permanega o mMRNA sem tratamento com RNase A.
(C) As modificagdes causadas no mRNA pelo tratamento com RNase A, na
auséncia ou na presenca de tratamento com formaldeido. (D) Resultados

esperados nos ensaios de co-purificacédo (Figura elaborada pelo autor).
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Figura 8. Esquema do ensaio de co-purificacdo de monossomos por elF5A,
utilizando crosslinking e RNase A. A linhagem produzindo GST ou GST-
elF5A é tratada com formaldeido, as células s&o entdo lisadas e o extrato
celular incubado com RNase A, para ocorrer a separagdo dos polissomos. Em
seguida, é realizada a co-purificagdo, como descrito em Material e Métodos, e

as amostras sdo analisadas por SDS-PAGE seguido por Western blot ou
espectrometria de massas.
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Figura 9. Ensaio de perfil polissomal para verificacido da efetividade dos
tratamentos com formaldeido e com RNase A. (A) Perfil Polissomal do
extrato da linhagem VZL1074 tratadas com formaldeido, mas sem digestéo
com RNase A. (B) Perfil polissomal do extrato da mesma linhagem VZL1074

tratada com formaldeido, porém, digerido com RNase A.
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Figura 10. Resultados dos ensaios de co-purificagdo de ribossomos contendo
elF5A utilizando crosslink com formaldeido (A) Ensaios de western blot da
co-purificagcéo utilizando o extrato proteico da linhagem VZL1074 transformada
com pSV36 (GST-elF5A), ndo digerido e digerido com RNase A. A canaleta L8
representa a amostra obtida na oitava lavagem em que a resina foi submetida
antes da eluicdo, demonstrando nao haver ligantes inespecificos nas amostras.
(B) Ensaios de western blot da co-purificagado utilizando o extrato proteico da
linhagem VZL1074 transformada com pSV20 (GST), ndo digerido e digerido
com RNase A. (C) Separacédo das proteinas co-purificadas por SDS-PAGE,

apos coloracdo com Coomassie Blue G.
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4.1.3. Investigacao da presenca de eEF2 e outros fatores relacionados a
tradugao em ribossomos portando elF5A

Na tentativa de entender melhor em que momento da traducéo elF5A atua ,
por meio da caracterizacao de fatores da traducédo que estdo simultaneamente
ligados ao ribossomo e, além disso, confirmar os dados obtidos por western blot
gue mostram a auséncia de eEF2 em ribossomos portando elF5A, optou-se por
submeter as amostras obtidas por GST-pulldown para analise por
espectrometria de massas.

Na Figura 10C, € mostrada a separagcdo por SDS-PAGE das amostras
proteicas obtidas nas co-purificagdes, apos coloragdao por Coomassie Blue G.
Como esperado, ha uma quantidade de bandas substancialmente maior na co-
purificacado realizada com GST-elF5A utilizando lisado ndo tratado com RNase
A, uma vez que esta amostra possui diferentes populacbes de ribossomos.
Por outro lado, a co-purificacdo utilizando lisado tratado com RNase A possui
apenas as proteinas presentes simultaneamente a elF5A no ribossomo. As co-
purificagbes realizadas apenas com GST, utilizando lisado digerido ou n&o
digerido com RNase A, apresentam pouquissimas bandas, o que esta de acordo
com os resultados de western blot e que demonstram a especificidade do
ensaio.

Utilizando-se este gel corado com Coomassie Blue G, as canaletas
correspondentes as amostras tratadas com RNase A do gel da Figura 10C foram
recortadas separadamente e enviadas para analise por espectrometria de
massas (Chemical and Proteomic Mass Spectrometry Core Facility, na Virginia
Commonwealth University - EUA).

Como pode ser visto na Figura 11, os resultados obtidos na analise de
espectrometria de massas estdo de acordo com aqueles obtidos por western
blot, ou seja, a espectrometria de massas também ndo detectou concentragdes
consideraveis de eEF2 co-purificado com GST-elF5A. Por outro lado, a amostra
de GST-elF5A levou a identificacao da isca elF5A, o que era esperado.

A Figura 12 apresenta os graficos referentes a identificacdo por

espectrometria de massas de proteinas ribossomais presentes nas amostras
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dos ensaios de co-purificacdo. A maior parte das proteinas ribossomais de
ambas as subunidades foram identificadas na analise, sendo que maior parte
delas foi identificada apenas com GST-elFSA ou identificada em maior
quantidade com GST-elF5A. Estes dados estdo de acordo com dados anteriores
do nosso laboratério, através dos quais foi demonstrado que elF5A se associa
com ribossomos 80S ativos na tradugao (Zanelli et al., 2006), porém, nao foi
possivel observar nenhuma interagdo especifica com qualquer proteina
ribossomal.

Além disso, é importante ressaltar que além de néo ter sido encontrado
eEF2 nas amostras de GST-elF5A, também nao foi encontrado o Fator de
Elongacéo 3 (eEF3), este dado, atualmente, pode ser utilizado como um controle
do experimento uma vez que ja é conhecido que elF5A e eEF3 se ligam ao sitio
E (E-tRNA), que é o sitio de saida do tRNA ja desaminoacilado do ribossomo, e,
portanto, ndo devem estar presentes simultaneamente no mesmo ribossomo
(Schmidt et al., 2015; Andersen et al., 2006).

Por fim, vale ressaltar que um dos principais objetivos deste experimento
era encontrar fatores ligados ao ribossomo que pudessem elucidar melhor em
qual momento da traducao elF5A esta atuando, porém, estes dados obtidos pela
analise de espectrometria de massas nao foram robustos e, por isso, ndo estao
apresentados neste trabalho.

De maneira a complementar resultados deste trabalho, a Dra. Danuza
Rossi conduziu, no laboratério do Dr. Christopher Fraser (Universidade
Califérnia - Davis), ensaios de competigao entre elF5A e eEF2 por sua ligagao
em 80S. Estes ensaios foram realizados por ultracentrifugacédo de 80S, elF5A e
eEF2 através de colchdo de sacarose e por teste de anisotropia de
fluorescéncia. Os resultados obtidos pela Dra. Danuza corroboram com os
dados obtidos neste trabalho, pois demonstraram que a afinidade de elF5A pelo
ribossomo € consideravelmente menor na presenca de eEF2.

Este conjunto de dados fazem parte do manuscrito intitulado “Negative
cooperative binding of elF6A and eEF2 to the 80S ribosome”, submetido a
revista Plos One (Anexo1).
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Figura 11. Resultados de espectrometria de massas para identificagao de eEF2
nos ensaios de co-purificagao de ribossomos portando elF5A. As barras
azuis representam a quantidade de proteina (elF5A ou eEF2) co-purificadas
usando GST como isca (a partir de extrato da linhagem VZL1074 transformada
com pSV20). As barras vermelhas indicam as proteinas co-purificadas com
GST-elF5A como isca (linhagem VZL1074 transformada com pSV36). O eixo

y” deste grafico representa a quantidade relativa de proteina presente na

amostra.
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Figura 12. Resultados de espectrometria de massas para

identificacao de
proteinas co-purificadas com GST-elF5A. Os graficos representam uma
analise da presenca das proteinas ribossomais da subunidade maior 60S (A)
e da subunidade menor 40S (B). Em vermelho estdo representadas as
proteinas presentes na amostra de GST-elF5A, enquanto as barras azuis
representam as proteinas identificadas na amostra com GST apenas. O eixo

y” deste grafico representa a quantidade relativa de proteina presente na

amostra.
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4.2. Analise da interagcao funcional entre elF5A e a proteina ribossomal L1
Recentemente, foi proposta a ligacdo de elF5A entre os sitios P e E do

ribossomo e, apesar de serem dados de baixa resolucéao, foi indicado o possivel
contato fisico entre elF5A e L1A/B (Gutierrez et al.,, 2013). Essa interagdo foi
recentemente confirmada por ensaio de Cryo-EM e com alta resolugao (Schimidt
et al., 2015).

Como acontece com outras proteinas ribossomais, os genes de RPL1A e
RPL1B s&o paralogos e codificam proteinas 100% idénticas. No entanto, a
expressao de RPL1B é muito maior que a de RPL1A, de maneira que, apesar de
serem genes reduntantes, o efeito do nocaute de RPL1B é relativamente mais
severo que o de RPL1A (Petitjean et al., 1995).

Assim, no nosso trabalho, foi testada inicialmente a interacdo genética
entre mutantes de elF5A e nocautes de RPL1A e RPL1B e foi verificada uma
interagdo uma genética sintética entre o mutante tif51A*°** de elF5A, que é um
mutante cuja proteina é estavel e apresenta defeito de crescimento e sintese
proteica em temperaturas semi-permissiva (Dias ef al. 2008), e o nocaute de
RPL1B (Figura 13A) mas ndo com o nocaute de RPL1A. Nesta figura esta
mostrado o teste de dilui¢do seriada utilizando tétrades irmas deste cruzamento.
As linhagens RPL1B/TIF51A, rpl1BA/TIF51A e RPL1B/if51A%*% apresentaram
crescimento muito semelhante a 25°C e apenas a linhagem RPL1B/tif51AK%%4
mostrou um atraso no crescimento a 37°C. Por outro lado, na linhagem haploide
contendo a combinacdo da delegdo rp/l1BA e o mutante tif51AK
simultaneamente, o crescimento é bastante afetado nas duas temperaturas
testadas.

Em paralelo, o entdo aluno de doutorado, Fabio C. Galvao, conduziu no
laboratério da Dra. Brenda Andrews, na Universidade de Toronto, um
rastreamento de interagdo genética de larga escala (SGA - Synthetic Genetic
Array), utilizando mutantes de elF5A cruzados com a cole¢do de nocautes de S.
cerevisiae. Este rastreamento mostrou que 22 proteinas ribossomais possuem

algum tipo de interac&o genética sintética com elF5A. Interessantemente, entre
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as 22 interagdes encontradas, interagdo genética negativa (synthetic sick) entre
rpl1BA e tif51A%°® foi revelada, confirmando os nossos resultados.

A partir deste rastreamento, foram analisados os perfis polissomais dos
mutantes duplos que revelaram interagdes genéticas sintéticas de maiores
intensidades. Foram selecionados mutantes duplos portando o nocaute de
genes tanto da subunidade menor 40S (rps6BA) quanto da subunidade maior
60S (rpl1BA, rpl8AA, rpl8BA, rpl16BA e rpl19BA), além de um mutante do gene
que codifica uma proteina que se associa ao ribossomo, utilizado como controle
de proteina nao ribossomal (sro94). Foi interessante observar que apenas as
delecbes de RPL1B (rpl1BA) e RPL8BA (rpl8AA) apresentaram alteragao
significativa no perfil polissomal quando na presenca do mutante tif51A%*
(Fabio C. Galvao, dados nao publicados).

Para melhor analisar a severidade e especificidade da interagdo genética
entre rpl1BA e o mutante tif51A%®A, foi realizada a comparacéo do tamanho das
colonias dos mutantes duplos de elF5A e L1B ou L8A. O mutante duplo elF5A e
L16B foi incluido na analise como controle, pois nenhuma mudancga relevante de
fendtipo foi detectada nos ensaios de perfil polissomal. Embora seja possivel
notar que a presenca de todos os alelos mutantes das proteinas ribossomais
testados (rpl1BA, rpl8AA e rpl16BA) levam a diminuigdo no tamanho da colénia
do mutante tif51A¥°%A, fica claro que os efeitos da combinacdo com o alelo
mutante rp/71BA é substancialmente mais severo que nos demais casos (Figura
13B).

Para mensurarmos o impacto do crescimento destas interagées genéticas
negativas, foram realizadas as curvas de crescimento dos mutantes tif51A%®*,
mpl1BA, rpl16BA e dos mutantes duplo tif51A®rpl1BA e tif51A%%/ rpl16BA e
os tempos de dobramento determinados. A Figura 14A mostra as curvas de
crescimento obtidas e revela que a linhagem (if51A***/rpl1BA possui um
crescimento fortemente diminuido. Enquanto o tempo de dobramento da
linhagem selvagem (WT) & de aproximadamente 129 minutos, a linhagem
tif51A**/rpl1BA precisa de aproximadamente 395 minutos para dobrar o
nimero de células. Ainda, a linhagem tif51A%®*/rpI16BA, que apresenta uma
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ligeira diminuigdo na curva de crescimento (Figura 14A), divide suas células em
aproximadamente 231 minutos (Figura 14B).

ApOs mostrarmos a existéncia de interagdo genética entre o mutante
tif51A*** e o nocaute de RPL1B (rp/1B4), e ainda apresentarmos que esta
interacdo € mais severa em comparacao com as interagbes entre o mutante
tif51A"°®A e os demais nocautes de proteinas ribossomais testados, decidiu-se
buscar a causa da severidade do fendtipo sintético doente do mutante
tif51A%*/rpl 1BA.

Quando este objetivo foi iniciado, era conhecido que o homdlogo estrutural
de elF5A em bactérias, EF-P, possuia uma regido de ligacdo a L1B no
ribossomo (Blaha et al., 2009) e a posigéo de ligagdo de elF5A no ribossomo
era similar a de EF-P (Gutierrez et al., 2013). Entdo, decidiu-se investigar se a
presenca de L1B aumenta a afinidade da ligacdo de elF5A no ribossomo, o que
sugeriria uma ligagao direta entre as duas proteinas em levedura.

Inicialmente, foi analisado se o perfil polissomal do mutante duplo
tif51A***/rpl1BA se correlaciona com o defeito mostrado no crescimento celular.
A Figura 15 mostra os perfis polissomais das linhagens analisadas e revela que
o mutante duplo tif51A*®*/rpl1BA possui um grave defeito de inicio de tradugao,
uma vez que a razao polissomo/monossomo (P/M) desta linhagem (2,97) é
significativamente inferior & da linhagem selvagem (5,08), do mutante tif51AX°%A
(6,04) e do mutante rp/1BA (5,50).

Outra informacéao importante contida na Figura 15 € o padrédo de migragéo
de elF5A nas fragdes do polissomo. Ao comparar as linhagens TIF51TA/RPL1B e
TIF51A/rpl1BA pode ser visto claramente que enquanto na linhagem selvagem
elF5A esta presente em todas as fragdes do polissomo, a delegcédo de L1B causa
uma diminuicdo desta migracdo. Na linhagem com delegdo de L1B, elF5A é
identificada com robustez apenas até o primeiro pico de polissomo (fragéo 7),
que coincide com o halfmer (acumulo de 40S no polissomo). A presenga de
halfmer € um evento tipico para delecdes de proteinas ribossomais, mas que no
caso especifico de L1B tem sua presenga menos severa (Mclntosh, et al, 2011).
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A migragéo diminuida de elF5A na linhagem rp/1BA esta de acordo com
os resultados obtidos em colaboragdo com a aluna de doutorado do nosso
laboratdrio, Natalia M. Barbosa, que realizou um rastreamento de sitios de elF5A
importantes para a sua ligagdo ao ribossomo, através da técnica de alanine
scanning. A combinagcdo da modelagem molecular utilizando o cristal de elF5A
ligado a subunidade 60S e a estratégia de alanine scanning determinaram
possiveis sitios de ligacdo de elF5A ao ribossomo. Foram gerados 4 novos
mutantes, porém, apenas um deles, chamado de tif57A-7, mostrou acentuada
diminuigao de afinidade pelo ribossomo através de ensaios de GST-pulldown e
anisotropia de fluorescéncia. Interessantemente, a regido modificada de elF5A
deste novo mutante é um local de interagdo com a proteina ribossomal L1
(Anexo 2). Sendo assim, os nossos dados de diminuigdo da migragao de elF5A
na linhagem rp/1BA e a diminuicdo de afinidade do mutante tif51A-7 pelo
ribossomo estdo de acordo com os dados obtidos por Cryo-EM que mostram
que a presencga da proteina ribossomal L1 € necessaria para que elF5A tenha
uma alta afinidade de ligagéo pelo ribossomo (Schmidt et al., 2015).

Apesar de a linhagem nocaute de RPL1B n&do mostrar diminuigdo
acentuada no pico de 60S e 80S (Figura 15), ja é conhecido que este mutante
apresenta uma reducéo de 70% e 40%, respectivamente, na concentragcédo de
L1 nesses picos e concentragbes equivalentes a selvagem nos polissomos
(Mcintosh et al., 2011). Sendo assim, foi postulado que este déficit de L1 nas
fragbes correspondentes as subunidades 60S e 80S comprometeria a ligagao de
elF5A e seria a causa do fendtipo de crescimento lento da linhagem rp/1BA
(Figuras 13 e 14).

Considerando que a afinidade do mutante elF5A*** ¢, aproximadamente,
20 vezes menor que a proteina selvagem (Anexo 1), € possivel sugerir que 0s
defeitos de crescimento (Figuras 13 e 14) e de inicio de tradugdo mostrado por
perfil polissomal (Figura 15) do mutante duplo elF5A****/Rpl1BA sao devidos &
baixa afinidade do mutante aos ribossomos ativos, possivelmente levando a

diminui¢cao da sintese proteica na célula.

63



o o wrT
25°C 37°C
- Hfsuls“
- ,pIJBA
rpl1BA
- rpISM
tif51a¥s64 - rpl1684
i X564 /
tif51a**“/rpl1BA - tif51AX564 /rpl1BA
- tifS1AY* /rpl8AA
- tif51A%554 /rpl 1684

Figura 13. Andlise de interagao genética entre elF5A e proteinas ribossomais. (A)
Diluicbes seriadas das células hapléides obtidas da mesma tétrade
RPL1B/TIF51A, rpl1BA/TIF51A, RPL1BItif51A e rpl1BA/ tif51AK%%* foram
cultivadas em meio YPD e incubadas nas temperaturas permissiva (25°C) e
semipermissiva para o mutante tif51A“** (37°C). (B) Tamanho das coldnias
dos mutantes duplos de elF5A (tif51A****) e das proteinas ribossomais L1B,

L8A ou L16B, na temperatura permissiva.
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Figura 14. Andlise do fenétipo de crescimento celular dos mutantes duplos de

elF5A e proteinas ribossomais. (A) Curva de crescimento das linhagens

indicadas. As linhagens foram diluidas para uma D.O.goonm 0,15 € as células

foram contadas a cada 2 horas, totalizando 6 horas. (B) Gréfico referente ao

tempo de dobra das linhagens indicadas. As linhagens foram diluidas para uma

D.0O.600nm 0,15 e 0 tempo de dobramento calculado entre as D.O.g00nm 0,3 € 0,6.

Ambos ensaios foram realizados a 25°C e em triplicata bioldgica.
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Figura 15. Anadlise do perfil polissomal do mutante duplo de elF5A e L1B. Perfil
polissomal das linhagens TIF51A/RPL1B, tif51a"°**/RPL1B, TIF51A/Arpl1B e
tif51a"°%/Arpl1B. As fragdes dos perfis foram coletadas, as proteinas
precipitadas com TCA e submetidas a ensaios de western blot. Foram

utilizados os anticorpos policlonais anti-elF5A e anti-L5.

66



4.3. Anadlise da interacao funcional entre elF5A e o complexo RQC
(Ribosome Quality Control)

Como ja apresentado na Introducdo, recentemente, foi mostrado que
mutantes de elF5A causam uma parada na traducao de proteinas contendo
sequéncia de poliprolina com, pelo menos, trés residuos de prolina consecutivos
(Gutierrez et al., 2013). Foi mostrado também que o complexo RQC (formado
por Ltn1, Tae2, Rqc1 e Cdc48 mais seus co-fatores) € o responsavel pela
detecgdo, remogao e ubiquitinagdo do peptideo nascente na ocorréncia de
stalling causado por polilisina (poli-K) (Brandman et al., 2012; Defenouillere et
al, 2013; Verma et al., 2013). A luz destes dados, decidiu-se buscar uma
possivel relagao funcional entre elF5A e o complexo RQC.

4.3.1. Andlise de Interagao genética entre mutantes de elF5A e dos fatores

Ltn1 e Tae2 do complexo RQC
Uma vez que os papéis de Ltn1 e Tae2 estdo melhor estabelecidos e estes
fatores parecem atuar de maneira mais especifica na resposta de RQC (Lyumkis
et al., 2014; Shen et al., 2015), o estudo foi iniciado pela analise de interagéo
genética de elF5A com estes fatores. LTNT1 e TAE2 s&o genes ndo essenciais
em S. cerevisiae, portanto, para a analise das interagdes genéticas foram
testados os nocautes desses genes e dois alelos mutantes de elF5A, tif51A*% e

tif51A-1 (P83S) que, assim como o mutante tif51A%%%

, possui fenétipo de defeito
de crescimento nas temperaturas semi-permissivas , porém, a proteina é
degradada nestas condic¢des.

A delecdo de Ltn1 causa um aumento na sensibilidade ao antibidtico
higromicina (Bengtson e Joazeiro, 2010). Por esta razdo, foi testado o
comportamento do mutante duplo em meio YPD na presenga de diferentes
concentragcbes deste antibidtico. Como pode ser observado na Figura 16, a

presenca do mutante tif571AK%A

aumenta a sensibilidade a higromicina da
linhagem [in1A. Este comportamento é visto na cultura utilizando as

concentracbes de 25 e 50 pg/mL de higromicina. Portanto, este ensaio
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demonstra que o mutante tif51AX°% possui interacdo genética negativa com a
linhagem ltn1A para a sensibilidade a higromicina.

Uma vez que o mutante tif51AK°®4 é sensivel a temperatura, foi avaliado
também o crescimento do mutante duplo em diferentes temperaturas, porém,
nao foi observada interagdo genética entre o mutante tif51A®* e LTN1A (dados
nao mostrados).

Além do mutante estavel tif51A% estes ensaios também foram
realizados utilizando o mutante de deplegdo de elF5A tif51A-1 (P83S) e os
resultados obtidos foram semelhantes aos mostrados para o mutante tif571A%%
(dados n&o mostrados).

Outro fator do complexo RQC testado foi Tae2. A Figura 17A apresenta

uma interacdo genética negativa discreta entre o mutante estavel tif51AK°%A

ea
linhagem nocaute, ou seja, o crescimento celular do mutante duplo
tif51A***tae2A se mostrou levemente reduzido. Esta interacdo negativa entre
elF5A e Tae2 foi evidenciada tanto na temperatura semipermissiva (38°C) como
na permissiva (25°C). Por outro lado, o mutante tif57A-1 apresentou um fenotipo
de melhora do crescimento em combinagdo com tae2A (Figura 17B), pois a
presenca da delegdo de Tae2 faz com que o crescimento celular da linhagem
mutante tif67A-1 seja similar a linhagem selvagem.

Esta interacdo alelo especifica pode ser explicada pelo fato da proteina
mutante (if51A-1 ser instavel nas temperaturas semipermissivas e do mutante
elF5AK®A ser estavel, mas menos hipusinada devido & modificacdo proxima a
alca de hipusinacdo. Assim, a auséncia de Tae2 prejudica o crescimento da
linhagem que produz elF5A pouco hipusinada, mas melhora o crescimento da
linhagem com baixa concentrac&o de elF5A.
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No Hygromiycin 25ug/mL Hygromycin 50ug/mL Hygromycin

TIFS1A/LTN1 _

Figura 16. Analise da interacao genética entre TIF51A e LTN1. A linhagem mutante
tif51A*°® foi cruzada com a linhagem nocaute de LTN7. Diluigbes seriadas
das células hapléides obtidas da mesma tétrade TIF51A/LTN1, TIF51A/ltn1A,
tif51AA/L TN e tif51A%*%/ltn1A foram plaqueadas em meio YPD, adicionado
de diferentes concentragdes de higromicina, e cultivadas na temperatura

permissiva (25°C).
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Figura 17. Andlise da interagcido genética entre TIF51A e TAE2. (A) Diluigcdes
seriadas das células haploides derivadas da mesma tétrade TIF51A/TAE2,
tif5 1A /TAE2, TIF51A/tae24, e tif51A"**/tae2A foram cultivadas em meio
YPD e nas temperaturas permissiva (25°C) e semipermissiva (38°C) para o
mutante tif51A*°®. (B) Diluigdes seriadas das células hapléides derivadas da
mesma tétrade TIF51A/TAE2, tif51A-1/TAE2, TIF51A/tae2A, e tif51A-1/tae2A
foram cultivadas em meio YPD e incubadas nas temperaturas permissiva

(25°C) e semipermissivas (36°C e 37°C) para o mutante tif51A-1.
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4.3.2. Investigagao do papel do complexo RQC no stalling de poliprolinas

Como apresentado na Introducéo, foi mostrado em mutantes de elF5A que
ocorre parada na tradugcdo em sequéncias de trés ou mais prolinas consecutivas
(Gutierrez et al., 2013). Neste estudo, foram testadas sequéncias com 3, 4, 6, 8
e 10 residuos de prolina e o efeito mais severo foi obtido com 6 e 8 residuos.
Sendo assim, optou-se aqui por produzir genes reporteres com 3, 6 ou 12
prolinas (GFP-2A-FLAG-HIS3-poli-P-HA), como descrito em Materiais e
Métodos. Infelizmente, ndo foi possivel obter o gene repérter com 12 prolinas
pela técnica utilizada, pois a reagado de PCR n&o foi capaz de amplificar o gene
contendo 12 residuos de prolina. Tentou-se algumas alternativas como, por
exemplo, trocar ou intercalar os diferentes codons do residuo de prolina e
também modificar o local de inser¢cdo dos sitios através do desenho de novos
primers, porém, nenhuma das estratégias levaram ao éxito (dados n&o
mostrados).

Dessa forma, foi testada a expresséo dos genes reporteres portando 3 ou 6
prolinas na linhagem VZL1074 (kanMX4-tetOpr-TIF51A), cuja expressdo do
gene de elF5A é reprimida por doxiciclina. Como pode ser observado na Figura
18, a diminuigcdo dos niveis de elF5A na célula ndo foi capaz de produzir a
diminuicdo da expressao do gene reporter com 3 ou com 6 residuos de prolina.
Mesmo ndo observando a parada na tradugdo destes genes reporteres apds
diminuicdo dos niveis de elF5A, a expressdo destes reporteres também foi
testada nas linhagens VZL1299 (kanMX4-tetOpr-TIF51A Itn1::LEU2) e
VZL1309 (kanMX4-tetOpr-TIF51A  Itn1::LEU2 tae2::HIS3) devido ao fato de
Ltn1 ser essencial para a degradagdo do peptideo nascente em stalling de
polilisina K12 (Bengtson e Joazeiro, 2010) e Tae2 ser essencial a formagédo de
agregados proteicos desde que também tenha auséncia de Ltn1. (Dr. Claudio
Joazeiro, comunicagao pessoal). No entanto, mais uma vez, ndo foi observada
diminuigdo da expressao do repérter poliprolina com a diminui¢ao dos niveis de
elF5A (Figuras 19 e 20).

Com o insucesso utilizando os nossos genes reporteres, optou-se por uma

nova estratégia para testar o possivel papel do complexo RQC no stalling
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causado pela sequéncia de poliprolinas. No mesmo estudo que mostrou o
envolvimento de elF5A na tradugdo de sequéncias de poliprolinas (Gutierrez et
al., 2013), foi demonstrado também que trés proteinas (Eap1, Ldb17, Vrp1), que
por possuirem sitios de poliprolina, tinham a produgao diminuida em mutantes
de elF5A. Decidiu-se por testar apenas Eap1 pelo fato desta proteina possuir
varios sitios de poliprolina e por estes sitios estarem localizados na porgao C-
terminal, o que facilitaria a deteccdo das bandas da proteina na forma truncada,
ou seja, um polipeptideo mais curto cuja tradugéo foi, por algum motivo, parada
antes do codon de parada da ORF do gene (Figura 21A). Na Figura 21B
podemos observar que apenas a linhagem selvagem (WT) foi capaz de produzir
a proteina de fusdao FLAG-Eap1 completa, com tamanho aproximadamente 70
kDa. O mutante tif51A%°* nao foi capaz de produzir a proteina FLAG-Eap1
completa, mas foram observadas 3 bandas mais fracas referentes as formas
truncadas geradas pelos sitios de poliprolina. Esta informag&o € importante pois

revela que, nas condicdes testadas, o mutante tif51A%°%

nao foi capaz de
expressar a proteina com sitios de poliprolina. Era esperado que a combinagao
do mutante de elF5A com a delecdo de Ltn1 proporcionasse o aumento da
concentracdo das bandas truncadas de Eap1, uma vez que estas bandas
truncadas, que sao os peptideos nascentes causados pelo stalling, poderiam ser
substrato da E3-ligase Ltn1, e, por conseguinte, degradadas pelo proteassoma.
As canaletas referentes a esta linhagem n&o mostram este acumulo de bandas
truncadas. Os niveis destas bandas truncadas no mutante de elF5A nao se
alteraram com a delecdo de Ltn1 e este comportamento sugere que a
maquinaria do RQC nao é responsavel pela degradagao do peptideo nascente

resultante do stalling causado por sitio de poliprolinas em mutantes de elF5A.
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Figura 18. Andlise dos niveis de tradugcao de poliprolinas em condi¢cao de
deplecao de elF5A. A linhagem VZL1074 (tetO-TIF51A) transformada com
gene reporter portando 3 ou 6 residuos de prolina foi crescida por 16 horas,
diluida para D.O.g00nm = 0,3 € incubada, na presenca ou nao de doxiciclina (10
pg/mL), pelos tempos indicados. Foi utilizado o anticorpo monoclonal a-HA
para detectar a proteina repérter, de aproximadamente 65 kDa. O anticorpo
policlonal a-elF5A foi utilizado para mostrar os niveis da proteina elF5A,
como controle do tratamento com doxicilina. A proteina Pgk1 foi utilizada

como normalizador da concentragao proteica.
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Figura 19. Efeito da delecdo de Ltn1 na expressao de repérteres de poliprolina (P3

e P6) e polilisina (K12). As linhagens VZL1074(tetO-TIF51A) e VZL1299 (tetO-
TIF51A  Itn1::LEUZ2) transformadas com o gene repérter portando 3 ou 6
residuos de prolina ou com 12 residuos de lisina foram crescidas por 16
horas, diluidas para D.O.goonm = 0,3 e incubadas na presenca ou nao de
doxiciclina (10 pg/mL), por 19 horas. O gene repérter com 12 residuos de
lisina foi usado como controle da funcdo de Ltn1 em células com stalling no
ribossomo (Bengtson e Joazeiro, 2010). Foi utilizado o anticorpo monoclonal
a-FLAG (Sigma) para detectar o gene repérter que tem, aproximadamente, 65
kDa em seu tamanho completo e, aproximadamente, 60 kDa na forma
truncada, a-elF5A para testar os niveis desta proteina antes e apds o
tratamento com doxiciclina e a-Pkg1 foi o fator escolhido para normalizagao

da concentragédo proteica.
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Figura 20. Efeito da dele¢cao de Ltn1 e Tae2 na expressao de repoérteres de
poliprolina (P3 e P6) e polilisina (K12). As linhagens VZL1074(tetO-TIF51A),
VZL1299 (tetO-TIF51A Itn1::LEU2) e VZL 1309 (tetO-TIF51A Itn1::LEU2
tae2::HIS3) transformadas com o gene reporter portando 3 ou 6 residuos de
prolina ou também com 12 residuos de lisina foram crescidas por 16 horas,
diluidas para D.O.gpnm = 0,3 € incubadas, na presenga ou ndo de doxiciclina
(10 pg/mL), por 19 horas. Novamente, foi utilizado o reporter K(12) como

controle. Os anticorpos utilizados sdo os mesmos da Figura 19.
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Figura 21. Estudo dos niveis da expressao da proteina Eap1 em mutante de elF5A
e nocaute de Ltn1. (A) Posicdo dos residuos consecutivos de prolina
presentes na proteina Eap1. (B) As linhagens VZL1256 (WT), VZL1259
(tif51A%°%) e VZL1313 (tif51A%°% Itn1::LEU2) transformadas com pSV1609
(FLAG-EAP1) foram cultivadas por 16 horas, diluidas para D.O.g00nm = 0,4 €
incubadas por seis horas sob agitacdo, nas temperaturas indicadas. Em
seguida, as células foram lisadas e os extratos celulares analisados por

western blot, utilizando os mesmos anticorpos da Figura 19.
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4.3.3. Andlise da participagdo de elF5A no funcionamento do complexo
RQC e na formagéao de agregados proteicos.

Curiosamente, ao usar o reporter polilisina (K12) como controle positivo
para o nocaute de LTN71 nos experimentos descritos anteriormente, foi
observado que a deplegédo de elF5A afeta a formagédo de agregados proteicos
causados pela delecédo de Ltn1 (Figura 19). A formagdo destes agregados
proteicos € ainda pouco clara, mas se acredita que eles sdao compostos por
peptideos nascentes removidos do ribossomo que sofreu stalling causados por
polilisina (Dr. Claudio Joazeiro, comunicagao pessoal). Dado interessante é que
a delecédo de TAEZ2 na célula com LTN1 ja deletada, também impede a formagéao
dos agregados proteicos (Figura 20). Esta essencialidade de Tae2 na formagao
dos agregados proteicos foi observada tanto nos ensaios deste projeto quanto
em outros experimentos do laboratério do Dr. Claudio Joazeiro. Este fato,
somado as interagdes genéticas ja apresentadas neste trabalho, e a localizagao
de elF5A no ribossomo, sugere uma possivel participacdo de elF5A no processo
de resposta do RQC ligado a ribossomo durante a tradugéo de polilisinas.

A partir destes resultados, foi aprofundada a investigacdo dessa possivel
funcao de elF5A no funcionamento do complexo RQC. Com o objetivo de revelar
os diferentes fatores se ligam ao ribossomo na resposta de RQC na presencga e
na auséncia de elF5A, foi realizada, entdo, co-imunoprecipitacdo do reporter de
FLAG-2A-HIS3-K12-4HA utilizando a linhagem VZL1299 (kanMX4-tetOpr-
TIF51A Itn1::LEU2), tratada e ndo com doxiciclina. A Figura 22A mostra os
extratos celulares destas amostras, com acentuada diminuicdo da formacéo de
agregado celular relacionada a redugéo dos niveis de elF5A na célula, como ja
observado na Figura 19. A partir dos extratos celulares, foram realizadas co-
imunoprecipitagbes, sendo que 10% do volume total do eluato destas co-
imunoprecipitagées foi utilizado para checar a qualidade da amostra por SDS-
PAGE 4-20%, seguida de coloragao por prata (Figura 22B). As amostras foram
enviadas para identificacdo de proteinas por espectrometria de massas no
laboratério do Prof. Dr. Salim Merali (Institute for Cancer Research and
Molecular Biology, Temple University - Philadelphia - EUA).
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O resultado desta analise por espectrometria de massas mostrou
consideraveis diferencas entre as amostras depletada ou ndo de elF5A. Na
Tabela 4 estao listados os fatores identificados. As proteinas ribossomais foram
removidas da lista, pois estiveram presentes em ambas amostras.
Curiosamente, os fatores Sis1 e Cdc48, ambos possivelmente relacionados a
formagao de agregados proteicos e a maquinaria do RQC, foram co-purificados
somente na condi¢cido de niveis normais de elF5A.

Sis1 é um tipo de chaperona associada as chaperonas HSP70 e
desempenha papel no misfolding de proteinas (Luke et al., 1991) e formacéo de
agregados de poliglutamina, poliQ (Park et al., 2013).

Cdc48 é um componente do complexo RQC, que remove o peptideo
nascente da subunidade 60S e o torna disponivel para a degradagédo pelo
proteassomo (Brandman et al., 2012; Defenouillére et al., 2013; Verma et al,,
2013).

Embora estes sejam dados preliminares, a correlagdo entre niveis
celulares normais de elF5A e a presenga de Sis1 e Cdc48 nos agregados
sugere um papel para elF5A no complexo RQC.

Para continuar a investigacdo do papel de elF5A no funcionamento do
RQC, foram realizados experimentos de co-imunoprecipitagao utilizando repdrter
FLAG-2A-HIS3-K12-4HA nas linhagens VZL1074 (kanMX4-tetOpr-TIF51A),
VZL1299 (kanMX4-tetOpr-TIF51A Itn1::LEU2) e VZL1300 (kanMX4-tetOpr-
TIF51A tae2::HIS3), além da utilizagdo do reporter FLAG-2A-HIS3-4HA na
linhagem VZL1074 como controle negativo do experimento.

A Figura 23 apresenta a analise por western blot da co-imunoprecipitagéo
realizada com a linhagem VZL1299 (kanMX4-tetOpr-TIF51A ura3::CMV-tTA
Itn1::LEU2). Confirmando os dados obtidos com extrato total, a FLAG-IP foi
incapaz de co-imunoprecipitar o agregado celular em condi¢cdes de reducéo dos
niveis de elF5A. Além disso, este experimento mostrou que apenas tragos da
proteina ribosomal L3 esta presente no eluato, sugerindo que, praticamente, n&o
existe subunidade 60S presente no agregado celular. A auséncia de 60S no
agregado celular ja era esperada, devido ao fato de n&o ser possivel revelar o
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agregado celular por western blot utilizando anti-L3 (Dr. Claudio Joazeiro,
comunicagdo pessoal). A Figura 24 apresenta o resultado das demais
imunoprecipitacbes realizadas nesta etapa. Os controles deste experimento
foram realizados com a linhagem VZL1074 transformada com o gene reporter
portando K(12) ou (KO) e, como esperado, ndo foi possivel co-purificar o
agregado celular nestas amostras. A imunoprecipitagdo realizada com o gene
repérter K12 em linhagem VZL1309 (tae24) também foi incapaz de co-precipitar
agregados proteicos, visto que a delegdo de Tae2 impede a formagao destes
agregados. Por outro lado, este experimento foi capaz de co-precipitar elF5A.
Os dados de co-imunoprecipitacdo nos mostrou que, assim como a delecédo de
Tae2, a redugdo brusca dos niveis de elF5A reduz a formagédo de agregados
proteicos no extrato celular e também na co-imunoprecipitagao utilizando o gene
reporter como isca. Além disso, apenas a co-imunoprecipitacdo realizada na
linhagem VZL1309 (Atae?2) foi capaz de co-imunoprecipitar elF5A, o que sugere,
mais uma vez, uma correlagao funcional entre elF5A e Tae2.

Como ja dito na Introducédo deste trabalho, o principal papel atualmente
atribuido a Tae2 é promover a elongagcédo de uma cadeia peptidica denominada
cauda CAT pelo recrutamento de tRNA Ala (IGC) e tRNA Thr (IGU) para o sitio
A do ribossomo. A traducdo desta cauda ndo necessita da presenca da
subunidade 40S do ribossomo (Shen et al., 2015) e, portanto, elF5A poderia
desempenhar um papel catalitico e facilitar a ligagdo peptidica entre os residuos
de aminoacido envolvidos nesta sintese.

Outro dado que corrobora o possivel papel de elF5A junto ao RQC é o fato
de que, apesar de ser descrito o papel catalitico de elF5A no ribossomo 80S,
esta proteina liga-se também com alta afinidade na subunidade 60S (Anexo 1).

Para comprovar este papel de elF5A, esta sendo investigada, por
espectrometria de massas, a presenca da cauda CAT em amostras obtidas por
co-imunoprecipitagdo utilizando o gene repdérter K12 como isca e nas condigdes
de auséncia e presenca de elF5A. Esses experimentos estdo sendo realizados
em colaboragao com o Dr. Mario Palma, do Instituto de Biociéncias na Unesp de
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Rio Claro - SP, utilizando metodologia semelhante a utilizada para comprovagao
do papel de Tae2 no RQC (Shen et al., 2015).

Adicionalmente, mesmo na delecdo da proteina Tae2, o gene reporter
AT10 (FLAG-2A-HIS3-10XAT) é capaz de induzir a formagdo dos agregados
proteicos (Dr. Claudio Joazeiro, comunicagdo pessoal). Sendo assim, optou-se
por investigar a formagédo de agregados proteicos utilizando este gene reporter
na condicdo de deplecao de elF5A. Esses ensaios estdo sendo realizados.

Com esses experimentos, espera-se determinar se elF5A possui um papel
direto no complexo RQC ou apenas atua de forma indireta, participando no
controle da expressao génica dos fatores envolvidos neste processo de controle
de qualidade.
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Figura 22. Co-imunoprecipitacdo do repoérter FLAG-2A-HIS3-K12-4HA na linhagem
VZL1299 (tetO)-TIF51A Itn1::LEU2). (A) A linhagem VZL1299 (tetO-TIF51A
Itn1::LEUZ2) foi transformada com o gene reporter com 12 residuos de lisina e
foi crescida por 16 horas, diluidas para D.O.goonm = 0,3 e incubadas, na
presenca ou ndo de doxiciclina (10 pg/mL), por 19 horas. Foi realizado western
blot destes extratos celulares e os anticorpos utilizados sdo os mesmos da
Figura 19. (B) SDS-PAGE 4-20% de 10% do volume total dos eluatos obtidos

pela co-imuniprecipitagdo, apos coloragdo com prata.

81



Tabela 4. Proteinas identificadas por espectrometria de massas em amostras

obtidas por co-imunoprecipitagao, utilizando o gene repérter K12 como isca.

Doxiciclina (+)

Doxiciclina (-)

Proteina
(sem elF5A) (com elF5A)
Imidazoleglycerol-phosphate dehydratase (HIS3) X X
Actin (ACTTY) X X
Elongation factor 1-alpha (TEF1) X X
J domain-containing protein APJ1  (APJT) X
Guanine nucleotide-binding protein subunit beta-like X X
protein GN=ASC1 - (GBLP_YEAST)
Heat shock protein SSA3 (HSP73) X
Suppressor protein STM1 (STM1) X X
ATP-dependent molecular chaperone (HSC82) X
GTP-binding nuclear protein GSP1/CNR1 (GSP1) X
Histone H3 (H3) X
Oleate-activated transcription factor 1 (OAF1) X
Histone H4 (H4) X
Eukaryotic translation initiation factor 6 (IF6) X X
Ubiquitin-40S ribosomal protein S31 (RS27A) X
Histone H2A.Z (H2AZ) X
ATP synthase subunit beta, mitochondrial (ATPB) X
Heat shock protein SSB1 (HSP75) X X
RNA annealing protein (YRA1) X
Ras-related protein SEC4 (SEC4) X
Protein BMH1 (BMH1) X
C-1-tetrahydrofolate synthase, cytoplasmic (C1TC) X
Heat shock protein SSA2 (HSP72) X
Protein SIS1 (SIS1) X
6-phosphofructo-2-kinase 1 (6P21) X
Eukaryotic translation initiation factor 2 subunit gamma X
(IF2G)
UTP--glucose-1-phosphate uridylyltransferase (UGPA1) X
Glyceraldehyde-3-phosphate dehydrogenase (G3P1) X
Cell division control protein 73 (CDC73) X
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Small nuclear rib nucleoprotein-associated protein B
GN=SMB1 - (RSMB_YEAST)

RNA annealing protein YRA1 (YRA1)

Eukaryotic translation initiation factor 2 subunit beta
(IF2B)

pa

Cell division control protein 48 (CDC48)

U2 small nuclear rib nucleoprotein B (MSL1)

RNA polymerase-associated protein CTR9 (CTR9)

Protein HSH49 (HSH49)

X| X| X| X

Putative inosine-5'-monophosphate dehydrogenase
(IMDH1)

pa

Malate dehydrogenase, peroxisome GN=MDH3 (MDHP)

Tyrosine-protein phosphatase (PVH1)

Large subunit ATPase 1 (LSG1)

RNA polymerase llI-associated protein 1 (PAF1)

Probable metalloprotease ARX1 (ARX1)

Cold sensitive U2 snRNA suppressor 2 (CUS2)

Histone H2B.2 (H2B2)

X[ X| X| X| X| X| X

Single-stranded DNA-binding protein RIM1,
mitochondrial (RIM1)

pa

Protein transport protein SEC61 (SC61A)

Uncharacterized protein YGR169C-A (YG169)

GTP cyclohydrolase 1 (GCH1)

Ribosome-associated complex subunit SSZ1 (SSZ1)

Protein transport protein SSS1 (SC61G)

Serine hydroxymethyltransferase, mitochondrial (GLYM)

Pre-mRNA-splicing factor 19 (PRP19)

Ribosome-interacting GTPase 1 (RBG1)

Eukaryotic translation initiation factor 3 subunit | (EIF3I)

Histone H2A.Z (H2AZ)

Pre-mRNA-splicing factor PRP21 (PRP21)

X[ X| X| X| X| X| X| X| X| X| X
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Figura 23. Ensaio de co-imunoprecipitagdo utilizando o gene repoérter K12 nas
linhagens VZL1074 e VZL1299. Ensaio de imunoprecipitacdo utilizando gene
reporter (GFP-FLAG-2A-HIS3-K12-4HA) como isca. Foram utilizadas as
linhagens VZL1074 (tetO-TIF51A) e VZL1299 (tetO-TIF51A  Itn1::LEU?2)
tratadas ou nado tratadas com 10 pg/mL de doxiciclina por 19 horas. Foi
utilizado o anticorpo monoclonal anti-FLAG (Sigma) para detectar o gene
reporter que tem, aproximadamente, 65 kDa em seu tamanho completo e,
aproximadamente, 60 kDa na forma truncada. O anticorpo policlonal a-elF5A
mostrou os niveis da proteina elF5A. O a-L3 foi utilizado para revelar a

presenga ou nao da subunidade maior do ribossomo na amostra.
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Figura 24. Ensaio de co-imunoprecipitacdo utilizando os genes repoérteres K0 ou
K12 nas linhagens VZL1074 e VZL1309. Ensaio de imunoprecipitagdo

utiizando FLAG-tag como isca. Foram utilizadas a linhagem VZL1074
(kanMX4-tetOpr-TIF51A) transformada com o gene reporter GFP-FLAG-2A-
HIS3-K12-4HA ou GFP-FLAG-2A-HIS3-4HA e a linhagem VZL1309 (kanMX4-
tetOpr-TIF51A ura3::CMV-tTA Itn1::LEU2 tae2::HIS3) transformada com o
gene reporter FLAG-2A-HIS3-K12-4HA. Todas as céulas foram tratadas ou

ndo com 10ug/mL de doxiciclina por 19 horas. Foi utilizado o anticorpo

monoclonal anti-FLAG (Sigma) para detectar o gene repodrter que tem,

aproximadamente, 65 kDa em seu tamanho completo e, aproximadamente,

60 kDa na forma truncada. O anticorpo policlonal a-elF5A mostrou os niveis

da proteina elF5A.
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5. CONCLUSOES

5.1. Andlise da interagdao fisica entre elF5A e eEF2

elFS5A nao interage fisicamente de forma direta com eEF2 através de
ensaios de duplo-hibrido.

A interacdo fisica entre elF5A e eEF2 é dependente de complexos
ribossomais.

elF5A e eEF2 n&o se ligam simultaneamente ao mesmo ribossomo ou se

ligam mas ndo ocupam o mesmo ribossomo por muito tempo.

5.2. Andlise da interagao funcional entre elF5A e a proteina ribossomal L1

Os genes TIF51A e RPL1B possuem forte interagdo genética sintética
negativa, demonstrada pelo impacto no crescimento celular e no perfil
polissomal.

A presenca de L1 é possivelmente requerida para a correta interagdo de

elF5A no ribossomo.

5.3. Analise da interagcdo funcional entre elF5A e o complexo RQC
(Ribosome Quality Control)

O gene TIF51A interage geneticamente com os genes LTN1 e TAEZ2.

O complexo RQC néo é recrutado em stalling de poliprolinas.

elF5A é necessaria para a formagao de agregados proteicos causados
por poli-K (K12).

elF5A pode desempenhar um papel no funcionamento do RQC em

stalling de polilisinas.
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Negative cooperative binding of elF5A and eEF2 to the 80S

Abstract

elF5A is the only protein known to contain the essential and unique amino acid residue hypusine.
elF5A functions in both translation initiation due to its stimulation of methionyl-puromycin synthesis and
translation elongation, being highly required for peptide-bound formation of specific ribosome stalling
sequences such as poly-proline. The functional interaction between elF5A, tRNA, and eEF2 on the
surface of the ribosome is further clarified herein. Fluorescence anisotropy assays were performed to
determine the affinity of elF5A to different ribosomal complexes and reveal its interaction exclusively
and directly with the 60S ribosomal subunit in a hypusine-dependent manner (K0SelFA-HYP=16 nM, K;*%5-
eIFSALys=385 nM). A 3-fold increase in elF5A affinity to the 80S is observed upon charged-tRNAMe
binding, indicating positive cooperativity between P-site tRNA binding and elF5A binding to the
ribosome. Previously identified conditional mutants of yeast eIF5A, elF5AR2HLSF and elFSAKSA, display
a significant decrease in ribosome binding affinity. Binding affinity between ribosome and elF5A-wild
type or mutants elFSAK®A put not elF5AQZHLF js impaired in the presence of eEF2 by 4-fold,
consistent with negative cooperativity between eEF2 and elF5A binding to the ribosome. Interestingly,
high-copy eEF2 is toxic only to elF5AR22HLF and causes translation elongation defects in this mutant.
These results suggest that binding of eEF2 to the ribosome alters its conformation, resulting in a
weakened affinity of elF5A and impairment of this interplay compromises cell growth due to translation

elongation defects.
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Introduction

elF5A was initially classified as the eukaryotic translation initiation factor 5A due to its
stimulation of methionyl-puromycin synthesis (1,2). This essential factor is a small acidic protein (17
kDa) composed of two predominantly B-barrel domains. The N-terminal, positively charged, is highly
conserved in Archaeas and eukaryotes (3) and is the target of a specific and essential posttranslational
modification called hypusination (4-6). To be modified, deoxyhypusine synthase (DHPS in human and
Dysl in yeast) transfers a 4-aminobutyl moiety from the polyamine spermidine to a specific lysine residue
of elF5A to form deoxyhypusine, in an NAD-dependent manner. Thus, the hydroxylation of the second
carbon of the deoxyhypusine residue is catalyzed by deoxyhypusine hydroxylase (DOHH in human and
Lial in yeast, (7,8).

Despite the initial evidence for a function in the initiation step of translation, elF5A was also
involved in the translation elongation as loss-of-function mutants of this factor revealed, by polysome
profile and ribosome transit time analysis, defects in elongating ribosomes, suggestive of malfunctioning
of a canonical translation elongation factor (9,10).

elF5A has a structural and functional homolog in bacteria, the elongation factor P (EF-P)
(reviewed in (11)). Similarly to elF5A, different species of bacteria undergo post-translation
modifications in a corresponding loop of EF-P that is modified in eIlF5A: B-lysinylation, an incorporation
of lysine in a specific lysine (12-14), and arginine-rhamnosylation, an incorporation of rhamnose in a
specific residue of arginine (15).

The crystal structure of EF-P(unmodified)-70S complex was determined (16) and a model of
elF5A binding to the ribosome was proposed based on hydroxyl-radical probing (17). Both structural data
show EF-P/elF5A binding site between the P and E sites of the 80S with the modified long loop reaching
towards the peptidyl-transferase center (PTC). Although no crystal structure is yet available for modified
EF-P/elF5A bound to the ribosome, the positioning revealed by molecular modeling for hypusine, lysyl-

lysine and rhamnose-arginine residues in the PTC region is in the vicinity of the CCA-tRNA end, which
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likely helps to stabilize the P-site peptidyl-tRNA (15). Moreover, based on the fact that the binding site on
the ribosome partially overlaps with that of E-site tRNA, it has been suggested that elF5A binds to the
ribosome only when this site is empty (18), i. e., in the first round of peptide formation, in agreement with
a function in translation initiation (19), and in each cycle of elongation (9,10).

More recently, it was shown that both elF5A and EF-P promote peptide-bound formation of
proline-rich ribosome stalling sequences (17,20,21). This function has been more extensively studied for
EF-P, where ribosome stalling events do not depend only on proline-rich ribosome stalling sequences (22-
26), but also on its location relative to the start codon and the translation efficiency due to the ribosome
occupancy on the mRNA (26), indicating that other elements contribute to slowing down elongation rates.

In this context, it is not know whether other translation factors influence EF-P/elF5A relief of
stalling ribosomes. Regarding the functional correlation of elF5A and other translation factors, we have
previously shown that elF5A interacts genetically and functionally with the eukaryotic elongation factor 2
(eEF2), as the growth and protein synthesis defects of the loss-of-function mutant elFSAKA are
suppressed in the presence of high-copy eEF2 (27).

In order to better understand the dynamics behind the elongation step of translation, we herein
demonstrate the effect of eEF2 on elF5A ribosome binding affinity. Our results show that the binding of
eEF2 weakens elF5A affinity for the 80S, possibly induced by conformation changes. Moreover, in vivo
data suggest that this interplay between elF5A and eEF2 binding to the ribosome is important for a

balance in translation elongation.
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Materials and methods

Sample preparation

The human elF5A isoform 1 hypusine-containing (helF5A-Hyp) and unmodified lysine-
containing (helF5A-Lys) were expressed and purified based on previous protocol (28), slightly modified.
Briefly, 2 L of BL21(DE3)groES (Takara Bio) cells containing the polycistronic vector co-expressing
elF5A and its modifying enzymes (DHPS and DOHH) were harvested after 16 h of induction at 18 °C.
Cells were treated as previously described and the first ion exchange chromatography to purify elF5A
was performed using the 5 mL HiTrap-Q column (GE Healthcare). To separate both forms of elF5A, it
was used the 5 mL HiTrap-SP column (GE Healthcare). elF5A-Hyp and elF5A-Lys elute approximately
at 130 mM of KCl and 230 mM KCl, respectively.

Expression and purification of yeast elF5A proteins (yelF5A-wt (wild type), or mutants
YelF5ACPA ye|F5ACIAKSA and yelF5ACAQZHLIF) \were similar to human proteins, using the
polycistronic vector co-expressing the corresponding yeast genes of the modifying enzymes (DYS1 and
LIAL). In this case, TIF51A was cloned in a vector that allows the addition of a 6xHis-tag sequence in the
N-terminus of the protein. Cells were induced, harvested and lysed as previously described in the ice-cold
Buffer A’ (50 mM Tris-Cl pH 7.0; 0.1 mM EDTA; 300 mM KCI; 1 mM DTT; 20 mM Imidazole). The
lysate was mixed with 5 mL of equilibrated NiNTA resin (Qiagen) and proteins were eluted in Buffer B’
(Buffer A’ containing 250 mM imidazole). Eluate was dialyzed against Buffer C’ (50 mM Tris-Cl pH 7.0;
0.1 mM EDTA; 1 mM DTT) and cationic chromatography in SP column was performed as described.

Yeast ribosomes were prepared based on previous protocols (29,30) with some modifications.
About 30-40 g of cells from early saturated culture of 1-2 OD were immediately frozen in liquid N, and
lysed in 40 mL of Lysis Buffer (20 mM Hepes pH 7.5; 100 mM KCI, 5 mM Mg(OAc);, 1 mM DTT,
Protease Inhibitors). Cells were splitted into 3-4 round-bottom tubes containing 20 g of glass beads and

vortexed during 6 cycles of 1 min ON - 1 min OFF, at 4°C. Twenty-five mL of clarified lysate were
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loaded on the top of a 20% sucrose cushion (20 mM Hepes pH 7,5; 100 mM KCI; 5 mM Mg(OAc),; 1
mM DTT) in a Beckman Ti45 tube. The purification of ribosomes and the separation of 40S and 60S
subunits were performed as previously described (29).

Human ribosomes were purified from HeLa cell extracts exactly as previously described (29).
Human initiator tRNA was in vitro transcribed with T7 RNA polymerase and methionylated by
Escherichia coli methionyl-tRNA synthetase as previously described (29). Recombinant 6xHis-eEF2 was
purified as published (31). The molarity of tRNAs, proteins and ribosomes were determined by 280 or

260 nM absorbance and their molecular mass.

Protein labeling with fluorescein

The purified single-cysteine mutant of human elF5A, elF5AC?2ACIBACTSACI2ATIAC (] F5ATIA2C)
was labeled with fluorescein-5-maleimide (fl) (Thermo Scientific) following the published protocol (32).
After the labeling reaction, elF5A-fl was purified from the free dye by spinning ina 2 mL size exclusion
column of 6 kDa (BioRad). The amounts of dye and protein were evaluated by 495 nM absorbance and
guantitative dotblot using the wild-type protein as standard. Only the preparation with more than 95% of

labeling was used for fluorescence anisotropy assays.

Separation of ribosomal complexes

The mixture of ribosomes and the proteins of interest were isolated by ultracentrifugation in
sucrose cushion following published protocols (33,34). Yeast 80S ribosomes were incubated at 0.5 uM or
1.0 uM with stoichiometric amounts of elFSA-Hyp, elF5A-Lys or eEF2 in a 25 pL final reaction (20 mM
Hepes pH 7.5; 100 mM KOAc; 2.5 mM Mg(OAC)2; 1 mM DTT; 15 uM BSA). The reaction was
incubated at 30 °C for 30 min and rapidly chilled on ice. Only 10% of this volume was reserved as input
(I) and 20 pL was layered on the top of a 10% sucrose cushion (100 uL) followed by centrifugation at

200.000 rcf for 1 hr at 4 °C (Beckman rotor TLS-55). Then, an aliquot of 20uL from the top of the
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supernatant (S) was saved and the pellet (P) was resuspended in 20 pL of Milli-Q water. Fractions of I, S
and P were analyzed by western blot using polyclonal anti-eIF5A, anti-Rpl5 and anti-eEF2 and

fluorescent secondary antibody (Thermo).

Fluorescence Anisotropy

Binding experiments with fluorescein-labeled elF5A (elF5A-fl) were conducted using a VICTOR
X5 Multilabel Plate Reader (Perkin Elmer), as previously described (29,32). A concentration of elF5A-fl
was maintained at 5-10 nM in each reaction. Ribosomes were titrated for each complex with final
concentrations at: 2 uM 40S; 1 uM 60S and 500 nM 80S. For competition assays, the concentration of
ribosome was constant at 50 nM with 5 uM of starting competitors concentration. The addition of higher
concentrations of either ribosome or competitor did not change the equilibrium inhibition constant values,
indicating that the reaction was prepared in saturating conditions. Anisotropy binding reactions were set
up in 22 pL final volume in reaction buffer (20 mM Hepes pH 7.5; 100 mM KOAc; 2.5 mM Mg(OAc),; 1
mM DTT; 15 uM BSA) and increasing concentrations of ribosome were added indicated in the Figure 3
legend. Twenty pL of each reaction was transferred to a 384-wells plate, and incubated at 30 °C for 30
min to reach equilibrium. Fluorescence Polarized light (FP) and total fluorescence were measured and the
anisotropy change (r) was converted into the fraction of elF5A-fl bound to the ribosome and fitted to the
solution of a quadratic equation describing an equilibrium reaction (32). Inhibition constants (K;) of non-
labeled elF5As were determined in a similar way to that described above, using a preformed ribosomal
complex-elF5A-fl. The values presented in the Table 1 were obtained from the average of three

independent experiments, and the errors are standard deviations of the mean.

Physical interaction by two-hybrid system
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The used assay was previously optimized (35). The L40 strain (SVL86) was transformed with
plasmids encoding Gal4-elF5A (vector pACT, pSV285) and lexA-eEF2 (vector pPBTM116, pSV272) to

test for the transcription of the reporter genes HIS3 and lacZ (35,36).

GST-pulldown

Wild-type cells (VZL1074) expressing GST (pSV20) or GST-elF5A (pSV36) were grown in SC-
ura + 2% galactose until ODgg=0.8. Cells were collected in chilled bottles and treated with 1%
formaldehyde for 30 min at 4 °C. To quench the formaldehyde, 125 mM glycine was added to the treated
cells and incubated for 5 min. After washing, cells were disrupted in lysis buffer 1x (Tris - HCl 20 mM
pH 7.5; KOAc 50 mM; MgCl; 10 mM; DTT 1mM and protease inhibitor cocktail) by vortex agitation
with glass beads. The clarified lysate was subjected to RNase A digestion (1 mg extract : 30 pg RNase A)
for 30 min at room temperature. A volume of the lysate corresponding to 10 ODas4 nm Units was loaded
onto an analytical 10-50% sucrose gradient to confirm the digestion of polysomes. The remaining extract
was subjected to GST-pulldown according to a published protocol (37). Western blot analysis of input (1),
wash (data not shown) and bound (B) fractions from GST-elF5A and GST was performed using rabbit

polyclonal specific antibodies against elF5A, Rpl5 and eEF2, and an ECL system of detection.

Total Protein synthesis

The measurement of total protein synthesis of wild-type elF5A (VZL838) and the mutants
elFSAKSA (VZLL987) and elF5AQ%HLSF (vvZ[.821), in the absence (pSV65) or presence of high-copy

eEF2 (pSV262), was conducted as described previously (38).

Polysome profile and fraction analysis
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The polysome profile of the same strains described above, in the absence or presence of high-
copy eEF2, was performed as previously described (39). Proteins from 500 pL of each fraction were
precipitated by the addition of 175 pL of 100% trichloroacetic acid (TCA) (final concentration of 13%).
After 1-16 h at -20 °C, proteins were pelleted by centrifugation at 20.000 rcf for 20 min at 4 °C and
washed with 1 mL of pure acetone for 1 h at -20 °C. The protein pellet was resuspended into 40 pL of 1X
SDS loading buffer and 10 L was analyzed by SDS-PAGE and western blotting. To better detect the
differences between the amount of polysomes from each sample, the area of polysome/monosome

fractions was calculated (NIH Image J), using he distance from the lower valley to the highest peak.
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Results

Mutually exclusive binding of elF5A and eEF2 to translating

ribosomes

We have previously described the physical interaction between elF5A and eEF2 and show that
this interaction is dependent on the ribosomes (37). The possibility of a direct physical interaction
between these factors was further investigated in vivo by two-hybrid analysis in yeast (Fig. 1A). The
modified yeast strain L40 carries the reporter genes HIS3 and lacZ whose expression is triggered in the
system used by the proximity of Gal4-AD (Gal4-activation domain, pACT-elF5A) and lexA (pBTM116-
eEF2). Initially, the levels of fused proteins were tested by western blot to ensure their expression (data
not shown). The absence of growth in the selective medium (SC-leu, -trp, -his) and the lack of B-gal
activity resultant in the combination of elF5A and eEF2 (Fig. 1A) indicate that these factors do not

interact directly or close enough to activate the transcription of HIS3 and lacZ, respectively.

Figure 1. Evaluation of physical interaction between elF5A and eEF2 by two-hybrid and GST-
pulldown of monosomes. A. Two-hybrid assay. The strain L40 containing pACT-elF5A was
transformed with pBTM116-eEF2, Dys1, Lial or Publ. Ten-fold serial dilution of the transformants were
grown on SC-leu,-trp (growth control) and SC-leu,-trp,-his (HIS3 expression). Cells were dropped on
nitrocellulose membrane to performe the B -gal activity filter assay (lacZ expression). The interaction
elF5A-Publ was used as negative control, and elF5A-Dys1 (strong) or elF5A-Lial (weak) were used as
positive controls (8). B. Schematic of sample preparation for the in vivo GST-elF5A pull down of
monosomes (left panel). Cells were treated with formaldehyde 1% and the extract was treated or not with
RNase A to digest polysomes. Polysome profile analysis of the total extract treated or untreated with
RNase A (right panel). C. GST-pulldown assay. Western blot analysis of GST-pull down fractions, input

(1) and bound (B), using specific polyclonal antibodies against eEF2, Rpl5 and elF5A.
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In order to evaluate whether this interaction can occur on the same ribosome, we investigated
whether the binding of these proteins is dependent on monosomes or polysomes. To this end, a functional
GST-elF5A fusion protein was used in an in vivo pull-down assay. Cells expressing GST-elF5A or GST
were first treated with formaldehyde to preserve the translation machinery (40). Total cell extracts were
then incubated in the absence or presence of RNase A to digest the mRNA, converting active polysomes
into monosomes (Fig. 1B, left panel). The efficiency of mRNA digestion was confirmed, as a single peak
of well preserved 80S monosomes can be seen in the sample treated with RNase A (Fig. 1B, right panel).
GST-elF5A pull-downs from untreated, or RNase A treated, lysates are shown in Figure 1C as input (1)
and bound (B) fractions. A negative control of GST alone was carried out in parallel to confirm the
specificity of the GST-elF5A pull-down assay. The ribosomal protein L5 (Rpl5) was used to confirm the
co-purification of ribosomes by GST-elF5A. The presence of eEF2 in the fraction B of untreated sample
confirms our published data that elF5A copurifies with ribosome complexes containing eEF2 (37).
Strikingly, eEF2 is no longer detected in the fraction B after the digestion of polysomes with RNase A.
This implies that the interaction between elF5A and eEF2 only occurs when multiple ribosomes on the
same mMRNA (polysomes) are purified rather than monosomes. This is consistent with negative

cooperativity between elF5A and eEF2 binding to the 80S ribosome.

eEF2 and hypusine-containing elF5A are able to displace

endogenous elF5A from the ribosome

Since elF5A and eEF2 act in the same step of translation but are not detected on the same
ribosome, we tested if purified elF5A and eEF2 can dissociate endogenous elF5A from purified
ribosomes. Pre-assembled 80S ribosomes were purified from yeast lysate and incubated with recombinant
eEF2, elF5A-Lys or elF5A-Hyp (1 uM of each component) followed by ultracentrifugation in a 10%

sucrose cushion. Western blot analysis of the input (1), supernatant (S) and pellet (P) fractions are shown
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in Figs. 2A and 2B. Endogenous elF5A, eEF2 and Rpl5 were detected in all samples of pre-assembled
80S (I fractions). The P fraction of the sample containing only 80S reveals the endogenous level of elF5A
and eEF2 (Fig. 2A, left panel). The addition of recombinant eEF2 to the 80S displaces endogenous elF5A

from the ribosome (Fig. 2A, right panel).

Figure 2. Displacement of endogenous elF5A from the 80S ribosome by eEF2 or the hypusine-
containing elF5A. Ultracentrifugation of pre-assembled 80S on a 10% sucrose cushion after incubation
with recombinant eEF2 (A), elF5A-Lys or elF5A-Hyp (B). Input (1), supernatant (S) and pellet (P)
samples were subjected to western blot analysis and the proteins eEF2, elF5A and Rpl5 were detected

using specific antibodies.

To determine if hypusinated elF5A is required for ribosome binding, the ability of recombinant
elF5A-Lys or elF5A-Hyp to displace endogenous elF5A was tested. In this case, the P fractions revealed
that both recombinant proteins bind to ribosomes, but only the active form of elF5A can displace the
endogenous elF5A (Fig. 2B). This suggests that the binding affinity of elF5A-Hyp to the ribosome is
higher than elF5A-Lys, and that the displacement of endogenous elF5A is due to direct competition. The
fact that endogenous elF5A can also be displaced by the addition of eEF2 confirms that both factors

cannot co-exist in the same ribosome at the same time under these experimental conditions.

The hypusine-containing elF5A efficiently binds to different
ribosomal complexes and its binding affinity is dramatically reduced

in the mutants el F5AQ22H/LF gnd el F5AKS6A

A fluorescence anisotropy assay was developed to quantitatively evaluate the effect of eEF2 on

the affinity of elF5A binding to the 80S ribosome. In order to generate a robust anisotropy signal, we
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explored the binding of several yeast and human elF5A-single cysteine mutants to purified yeast
ribosomes. Using both yeast and human elF5A proteins for this purpose is made possible in light of the
finding that wild-type human elF5A is able to replace the endogenous yeast elF5A in vivo (6). Only the
functional human elF5A mutants were purified and then fluorescein-labeled in an in vitro reaction using
both the hypusine and non-hypusine containing elF5A proteins (see Material and Methods). Among nine
different single-cys mutants obtained (data not shown) and tested for fluorescence anisitropy, the human
eIF5AC22A C38A, CT3A, C1298, T142C (o] FEATI42C) was selected among several mutants for further assays.

To first investigate the binding of human hypusine-containing elF5A to purified human 60S
subunits, the purified subunit was titrated into 5-10 nM of human elF5A-fluoresceine (eIF5A™42C-fl) and
the anisotropy changes were measured. Converting r-values into the fraction of elF5A bound to 60S
yields an equilibrium dissociation constant (Kq) of 128 nM (Table 1). To determine whether the mutations
and the presence of the fluorescein affect the interaction with 60S subunits, we also determined
equilibrium dissociation constants for an unlabeled eIF5A “inhibitor” (K;) by titrating the non-labeled
elF5A into a fixed amount of pre-formed complex (60S-elF5A-fl), as described in ‘Experimental
Procedures’. In this case, the maximum anisotropy change reveals a high affinity for the non-labeled-
elF5A-60S, Ki =16 nM (Table 1, solid black line in Fig. 3A). The graph in Fig. 3A shows the fraction of
elF5A-fl bound to the 60S in the presence of increasing amounts of hypusine (helF5A1-Hyp) and non-
hypusine containing elF5A (helF5A1-Lys), with the average values for each inhibition constant (Ki, nM)
shown in parenthesis. The discrepancy between Ky and K; (8-fold change) suggests that the fluorophore
affects the binding affinity of elF5A to the 60S. Due to this observation, all the following equilibrium
binding data were generated using the non-labeled form of human elF5A™%C in competition assays.
Furthermore, the importance of the hypusine residue was also determined by elF5A-ribosome anisotropy
change using the non-hypusine containing elF5A™4%C as a competitor. Equilibrium binding of non-
hypusinated elF5A™4C to purified 60S subunits was 24-fold weaker than hypusine-containing elF5A
(Ki=385 nM, dashed black line in Fig. 3A), in agreement with the requirement of hypusine for elF5A

function (6,41).
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Table 1. Values of mean and standard deviation of the anisotropy change and equilibrium binding

constants Kq and K.

K (nM) K (nM) Ftree OF Fmin® Fbound® Almad

el F5A-fl

Met-tRNA;Vet nc nd 0.176 £0.001  0.178+0.004 0.002 + 0.001

408 '>1700 nd 0.179+0.007 0.186+0.006 0.006 + 0.001

60S 128+3  16+3  0.173+0.001 0.228+0.006 0.055 + 0.005

40S+60S 13+1 12+05 0.180+0.001 0.314+0.001 0.135+0.001

40S+60S + tRNAiMet-Met 7 +1 <5 0.198+0.002  0.304+0.006 0.106 + 0.004

%80S 101 I<s 0.187 +£0.005 0.287+0.001 0.100 + 0.005

980S +eEF2  41+1 nd 0.134+0.001 0.259+0.005 0.125 + 0.005
'60S-elF5A-fI

elF5A-Lys nd 385+18  0.186+0.003 0.262 +0.001 0.076 +0.003
"80S-elF5A-fI

elF5A nd 9+1 0.177+0.001  0.247 +0.006 0.069 + 0.006

elF5AKSA nd 569+12  0.182+0.003 0.248 +0.007 0.066 + 0.009

elF5AQ22H/LI3F nd 189+8  0.168+0.005 0.244+0.006 0.076 + 0.001
"80S-eIF5A-fl + eEF2

elF5A nd 51#3  0.174+0.001 0.242+0.008 0.067 + 0.007

elF5AKSA nd 539+53  0.204+0.006 0.237 £0.010 0.033 +0.005
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elF5AQ22H/LSSF nd 454 +40 0.188+0.009 0.241+0.010 0.052 +0.005

aEquilibrium binding constant obtained by titrating ribosomal complexes into fixed amount of elF5A-fl;
bEquilibrium binding constant obtained by titrating eIF5A as a competitor into fixed amount of ribosome-
elF5A-fl;

¢ Anisotropy values for the free elF5A-fl or the minimum anisotropy detected for the competition assays;
d Anisotropy of the elF5A-fl bound to the ribosomal complex in the absence of competitors;

¢ Maximum anisotropy change obtained by the difference between riee OF rmin and roound;

"Determination of anisotropy change using human proteins and ribosome;

9The ribosomal complex is the yeast pre-assembled 80S;

" Determination anisotropy change using yeast elF5As as competitor and yeast 80S;

"Lower limits of detection was not superior of 1 uM;

I Upper limits of detection was not inferior of 5 nM;

nd = not determined measurements;

nc = not calculated binding constant.

Figure 3. Determination of binding affinity of the hypusine-containing human elF5A to different
ribosomal complexes by fluorescence anisotropy assays. A. Fluorescence anisotropy changes were
measured to calculate the inhibition constant (K;) for the helF5A-60S interaction. Equilibrium binding of
elF5A-fl to 60S under the competition with the hypusine and non-hypusine containing elF5A (helF5A-
Hyp and helF5A-Lys). B. Equilibrium binding of elF5A-fl to human ribosomal complexes 60S, 40S+60S,
40S+60S+Met-tRNAMet and pre-assembled yeast 80S under the competition with helF5A-Hyp. Each
point represents the real measurements from three independent triplicates and the error bars correspond to
the standard deviations of the mean. Inhibition constants (nM) are shown in parenthesis. Values of
anisotropy and equilibrium binding constants (Kq and K;) as well as the standard deviations of the mean

are noted in Table 1.
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It is well described for the translation initiation step that the eukaryotic initiation factors (elFs)
binding affinity to the 40S is extremely variable depending on the composition of the ribosomal
complexes (42). Therefore, we investigated binding affinity of elF5A to 40S, 40S+60S, 40S+60S+Met-
tRNAMe or in vivo pre-assembled 80S (heterogeneous mixture of yeast 80S). We first determined the
equilibrium dissociation constant of human elF5A-fl to the human 40S+60S, 40S+60S+Met-tRNAMet or
yeast pre-assembled 80S complexes (Table 1). Inhibition constants were also determined by titrating non-
labeled hypusine-containing human elF5A (elF5A-Hyp) into fixed amount of ribosome-elF5A-fl
complexes (Fig. 3B and Table 1). The graph in the Fig. 3B shows the fraction of elF5A-fl bound to 60S
(black curve), 40S+60S (green), 40S+60S+Met-tRNAMet (orange) and yeast pre-assembled 80S
complexes (red). The values of K; are in parenthesis. The apparent K; values are not significantly different
when the 80S is reconstituted (Ki*°5*6%5=12 nM), compared to the 60S alone (16 nM). Curiously, the
addition of tRNA to the preparation of reconstituted 80S increases the affinity of elF5A to the ribosome
roughly 3-fold (K;#**60*RNA < 5 nM), which is similar to the affinity of elF5A to the yeast pre-assembled
80S complexes (Ki® < 5 nM). Due to the fact that these constants are similar to the concentration of the
labeled protein (5 nM), the apparent K; values are likely upper limits.

Molecular modeling based on the structure of the EF-P-70S crystal (16) and 25S rRNA cleavage
assays (17) strongly suggest that elF5A does not interact with the small ribosomal subunit 40S. Titrating
40S instead of 60S under the fixed amount of elF5A-fl generated very low measurements of anisotropy
change (roound and Armax, Table 1), consistent with a lack of interaction between elF5A and purified 40S
subunits. The calculated Kq > 1700 nM is not precise due to the lower limits of detection. Similarly,
interaction between elF5A-fl and aminoacylated-tRNAMe was tested and also revealed very low
measurements for anisotropy change (Table 1), also consistent with no interaction between elF5A and
aminoacylated-tRNAMet,

Yeast elF5A was also used in our fluorescence anisotropy assay to determine its binding affinity
to purified yeast 80S complexes. The same single-cys mutant (eIF5AT42C) was used to preserve the same

conditions and allow comparisons with assays performed using human proteins and ribosomes. Since the
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highest affinity ribosomal complex for human elF5A was either human 80S+tRNA or yeast pre-
assembled 80S (<5 nM), the last was chosen to evaluate the binding affinity of the following single-
cysteine yeast proteins: eIF5AC®A  (wt), eIFSACAKSSA — (g]F5AKSA)  and el F5AC39AQ22H LIS
(EIF5AQ22HILIF)

To determine the binding affinity to the 80S, these proteins were titrated individually into a fixed
amount of pre-formed 80S-elF5A-fl, and the change in fluorescence anisotropy was measured to calculate
the inhibition constant in equilibrium conditions (Table 1). The fraction of elF5A-fl bound to 80S and the
Ki values are shown in Fig. 4B (solid lines). The binding assays revealed a very similar affinity of yeast
wt elF5A compared with human elF5A for 80S complexes (Ki=9 nM, black solid line). Interestingly,
slightly weaker binding affinities were obtained for the mutants eIF5AK%A and elF5AR22HL9F resylting in
decreased ribosome binding affinity by 20 and 60-fold, respectively (Ki=189 nM, red solid line; Ki=569

nM, green solid line).

Figure 4. Analysis of the anticooperative effect of eEF2 on elF5A ribosome binding. A. Equilibrium
binding of elF5A-fl to the yeast 80S in the presence or not of yeast eEF2. B. Equilibrium binding of
elF5A-fl to the 80S under the competition with wt, elF5AX or elF5AR?2HL%F in the presence or not of
saturating eEF2. The mean of K; values is shown in parenthesis. The values of equilibrium binding

constants and anisotropy changes are shown in Table 1.

eEF2 impairs ribosome interaction of wild type elF5A and elF5AX%A but not el F5AQ22H/L93F

Having determined the elF5A equilibrium binding constants to different ribosomal complexes,
we evaluated the effect of the presence of eEF2 on elF5A ribosome binding. The in vivo pre-assembled
purified 80S was used in the assay as it forms the most stable complex with elF5A. The pre-assembled
80S ribosome was titrated into fixed amount of elF5A-fl in the absence or presence of saturating eEF2 (1
uM). The equilibrium binding constant obtained in the presence of eEF2 (Kq = 40 nM) was 4-fold weaker

than in the absence of eEF2 (Kq = 10 nM), supporting the hypothesis that eEF2 weakens the interaction of
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elF5A with the ribosome (Fig. 4A and Table 1). To confirm the saturation condition of eEF2, this assay
was carried out also in the presence of 2 uM eEF2 and similar results were obtained (data not shown).

The evidence for an anticooperative binding mechanism between elF5A and eEF2 for the 80S ribosome
was further investigated under conditions where the elF5A-ribosome interaction is partially lost, e.g., as
in the case of the mutants elFSAKA and elF5A%HLF - Again, changes in anisotropy measurements
(Table 1) were detected and Fig. 4B shows curves of fraction of elF5A-fl bound to 80S under the
competition with wt (black), elF5AKA (red) or elF5AR?2HLSF (green), in the absence (solid lines) or
presence of eEF2 (dash lines). The equilibrium binding reveals a 3-fold decreased affinity to 80S for the
mutant elF5AX®A in the presence of eEF2, similarly to what was observed for the wt elF5A (4-fold).
Surprisingly, the addition of eEF2 did not cause any effect on elF5AQ?H/L%F affinity to the ribosome,
revealed by similar binding constants (Ki=500 nM). These results reveal that Q22 and L93 play an

essential role in the negative cooperative binding of elF5A and eEF2 to the 80S.

eEF2 overexpression in the mutant elF5AQ%H/L9F js toxic due to the
impairment in the dynamics behind the elongation step of

translation

Given the different effects that eEF2 has on elF5AQ%HL%SF and elF5AX ribosome binding
affinity, we wanted to test if this difference correlates with any effect of eEF2 overexpression on the
phenotypic defects of both elF5A mutants, specially those related to translation.

Figure 5A shows the overexpression of eEF2 in the mutants elFSA?H/L9SF and elF5AK®SA at the
permissive temperature (25 °C). As already described for elF5AK®4 (38), the effect of eEF2 on growth
phenotype at 25 °C is almost imperceptible (Fig. 5A, left panels). However, overexpression of eEF2 in the
mutant elF5AQ22H/L3F decreases the rates of growth at the permissive temperature (Fig. 5A, left panels).

Additionally, the sensitivity to sordarin (200 ng/mL), an antifungal that impairs both subunit
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disassembling and eEF2 activity, is only observed for the mutant elF5A%?HL%F jn the condition of eEF2

overexpression (Fig. 5A, right panels).

Figure 5. Analysis of the effect of eEF2 overexpression on the phenotypic defects of the mutants
elF5AKSA and elF5AQ22H/L3F A Ten-fold serial dilutions of wt, elF5AR22H/LSF or e]FSAKSA containing
empty vector or high-copy eEF2, were grown in SC-ura at 25°C in the presence or not of sordarin (200
ng/mL). B. Total protein synthesis was measured in the same cells by the incorporation of [*H]leucine,
relative to the wt strain. C and D. Polysome profile analysis of the same cells was carried out and the
guantification of polysome and monosome areas (P/M) were performed to show the levels of translation.
E. Polysome profile fractions of elF5AQ?2H/L9F and elFSAK%A in the presence of high-copy eEF2 were

analyzed by western blot to detect the presence of elF5A, eEF2 and Rpl5.

To evaluate whether the defect in cellular growth of elF5AR22HLF cayused by high-copy eEF2
under permissive conditions is due to a defect in translation, we evaluated in wt elF5A and elF5AQ22H/L9SF
or elF5AK®A mutants the rate of total protein synthesis by incorporation of [®*H]Leucine. Interestingly,
eEF2 overexpression impairs protein synthesis by 30% only in the mutant elF5AQ22HL%SF (Fig, 5B). The
improvement in protein synthesis for the wt and the mutant eIF5AX®A is in agreement with our previously
published data (38).

Polysome profile analysis of the same cells was carried out to investigate whether the decreased
protein synthesis in elF5A%?2HL%F mytant is caused by defects in translation elongation. The polysome
profile of elF5A-wt, elF5AQZ2HLSF and eIFSAKSA in the presence or absence of high-copy eEF2, are
shown in Fig. 5C. The peaks corresponding to the 40S, 60S, 80S and polysomes are indicated in the first
profile. The graph in Fig. 5D shows the ratio P/M (polysome/monosome ratio) obtained by the
guantification of polysome (P) and monosome (M) peak areas, relatively to the wt. No considerable
differences can be seen in the polysome profiles in the absence of eEF2 high-copy (Fig. 5C and 5D).

However, in the presence of eEF2 a slight increase in the 80S and a decrease in the polysome for both wt
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(P/IM*EF2=0.8) and elF5AK®A mutant (P/M*E72=0.7) are observed. In a very distinct way, the mutant
elF5ARZZHLSF displays both significant decreased 80S and increased polysomes in the presence of high-
copy eEF2 (P/M=1.8, 2-fold increased P/M). This result clearly suggests that eEF2 overexpression leads
to impairment of the translation elongation process in the mutant elF5AR22HLF (Eig, 5C and 5D).

Finally, eleven fractions from polysome profiles of the mutants elF5AR22HL9F and elF5AKSEA
under overexpression of eEF2 were analyzed by western blot and the proteins eEF2, Rpl5 and elF5A
were probed (Fig. 5E). This analysis revealed that eIF5AX®A is present only in the beginning of the
profile, similarly to elF5A-wt (data not shown). The mutant elF5AQ22HL9F exhibited again a highly
distinct scenario with significantly imprisoned elF5A in the polysomes even in the presence of eEF2. This
result is in agreement with the fact that eEF2 does not exert any effect on the ribosome binding affinity of
the mutant elF5AQ22HLF (Fig, 4B).

Taken together, these results demonstrate that eEF2 overexpression is only toxic to the mutant
elF5ARQ22HLSF due to the incapacity of eEF2 to displace this mutated form of elF5A from the ribosome,
leading to stalled translation machinery by the impairment of the dynamic interplay of these two

translation factors.
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DISCUSSION

Translation elongation is a crucial step of protein synthesis and little is known about its dynamics
in eukaryotes. Although elongation is often not the rate-limiting step of translation, it is the most energy
consuming process, consuming 2 molecules of GTP and ATP to proceed through each cycle of
elongation.

Herein, we addressed the question of how elF5A and eEF2 functionally interacts to guarantee the
functioning of translation elongation. The interaction between elF5A and eEF2 was initially suggested
when they where co-purified in vivo by GST-elF5A pulldown (37). Later on, a functional relation was
described for both factors raising the hypothesis of a positive cooperative effect in the elongation step of
translation as high-copy eEF2 suppressed the translation defects of the conditional mutant eIF5AK®A (38).
Guided by that evidence, we investigated the functional interaction between these two translation factors.
A two-hybrid method was used to test for a physical interaction between elF5A and eEF2, but revealed no
direct interaction. The absence of direct physical interaction was expected since the binding sites for
elF5A and eEF2 are structurally distant into the ribosome (reviewed in (43) and (17)).

Since elF5A interacts with ribosomes engaged in translation (37,39), we next investigated in
which type of ribosomes occurs the interaction with eEF2. Curiously, it was observed that the physical
interaction of elF5A and eEF2 is dependent on polysomes, suggesting that elF5A and eEF2 do not
occupy the same ribosome at the same time (17,44). Therefore, we used a non-equilibrium pull-down
assay to investigate whether the presence of eEF2 affects the binding of elF5A to 80S. The addition of
eEF2 to pre-assembled 80S complexes containing endogenous elF5A results in displacement of this
factor from the ribosome. In addition, adding recombinant elF5A-Hyp, but not the non-hypusine
containing elF5A (elF5A-Lys), displaces also eEF2 from these complexes. These results are consistent
with a negative cooperative effect of eEF2 on elF5A-ribosome interaction, contrary to what has been
reported before (27).

To resolve this apparent controversy, we conducted fluorescence anisotropy assays using labeled-

elF5A and different ribosomal complexes to determine the equilibrium binding constants for each
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complex. It was shown for the first time that the direct interaction of elF5A to 60S ribosomal subunit
occurs without any scaffolding protein and with high affinity (Ki=16 nM). This interaction is hypusine-
dependent, as the non-hypusinated protein displays an equilibrium-binding constant 24-fold higher
(Ki=385 nM). The positively charged hypusine residue promotes an extension of the highly conserved
loop that may reach further into the PTC, allowing a close binding to the peptidyl-tRNA 3°-CAA (17).
The biological essentiality of hypusine can be explained by providing much more points of contact and,
therefore, stabilizing the protein in a proper position into the ribosome. Consequently, the essential
hypusine confers higher activity for elF5A in translation.

Surprisingly, the elF5A binding affinity to the reconstituted 80S ribosome (40S+60S) was quite
similar (12 nM). The major and transient intersubunit bridges formed between 40S and 60S upon subunit
joining and the conformational changes generated overall did not interfere with the elF5A affinity to the
ribosome, even showing higher values of anisotropy change (rooune=0.314). By using a more
physiologically relevant pre-assembled 80S complex (80S), it was possible to detect an increase by at
least 3-fold in the binding affinity of elF5A for the ribosome. Importantly, both the 40S+60S+tRNA and
pre-assembled 80S complexes likely contain an enriched amount of PRE-state ribosomes containing
tRNA in the P-site (45), due to the favorite stability of the tRNAs (reviewed in (46)). This observation
strongly suggests that charged-tRNAM® in the P-site strengthens the affinity of eIF5A to the ribosome by
increasing the points of contact through the interaction elF5A-Hyp-charged-tRNAMe,

The interaction of human elF5A with yeast pre-assembled 80S was very similar to the human
reconstituted 80S (Ki<5 nM), suggesting that the complementation of yeast elF5A by the human homolog
(6) is due to its high affinity to the ribosome. However, the opposite is not true, as the interaction of yeast
elF5A with human ribosomes was also tested by anisotropy change and revealed much lower affinity
(>2000 nM; data not shown). Curiously, it was recently described that the configuration and the
interactions of tRNA and ribosome in the P/P and E/E states through the cycles of elongation are
significantly divergent between bacteria and mammalian ribosomes (reviewed in (45)), which leads to

specific events during translation elongation in these organisms. Therefore, some of these differences
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could modify the interaction between elF5A and tRNA/ribosome in different organisms and explain the
fact that yeast elF5A does not bind very well to human ribosome.

After determining in the human system the binding affinities of elF5A to different ribosomal
complexes, it was then determined the affinity of yeast elFSA protein in the yeast 80S complex. As
expected, the binding affinity of wild-type yeast elF5A to the yeast 80S was similar to that determined for
human (Ki=9 nM). Again, the high affinity of elF5A to the 80S, confirmed also in the yeast system,
underscores an important evolutionarily conserved direct interaction between elF5A and the ribosome.

Yeast conditional mutants of elF5A are well known for their defect in cellular growth and
translation efficiency under restrictive conditions (3,9,38). In the case of both elF5AQ22HLYF ang
elF5AKSA mutants, the protein is not depleted when grown at the restrictive temperature, which is in
contrast to most other elF5A mutants (3). This finding allows us to investigate the loss-of-function even
in the presence of the protein. We described for the first time defects for these mutants even under the
permissive temperature. Equilibrium binding under the titration of hypusine-containing elF5AQ22HL93F and
elF5AKSA revealed a dramatic decrease in the ribosome binding affinity of more than 20-fold when
compared to the wt protein. We directly investigated the influence of eEF2 on elF5A ribosome binding by
measuring the anisotropy change of the elF5A-80S complex in the presence of saturating eEF2. In
agreement with the ability of eEF2 to weaken the elF5A-ribosome binding affinity in non-equilibrium
assays, we determined that eEF2 binding to the ribosome promoted a 4-fold reduction in the affinity of
elF5A to the 80S ribosomal complex.

It will be important in future to understand the biological significance of the negative
cooperativity between elF5A and eEF2. It is likely that the dynamic interplay of these essential factors
functions to enhance the rate of translation elongation. Assuming the physiological concentration of
elF5A and eEF2 in eukaryotic cells are much higher than the observed affinities (47), the individual
factors are likely in saturating amounts, thereby not affecting the final concentration of the active
ribosomal complex per se. Instead, the changes in affinity may signify important conformational changes

on the ribosome to promote stages of elongation, in particular on polyproline stretches. Likely changes in
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the lifetime of the individual factors on the ribosome may also be critical in regulating the generation of
the intermediate complexes. It is worth noting that while the affinity of elF5A and eEF2 to the pre-
assembled 80S is very similar (48) the abundance of both active factors are very different. Considering
that the expression of elF5A is almost 3 times higher than eEF2 (47), and that all elF5A is modified
(active) in normal cells, it is possible that the occurrence of the elF5A-80S complex may be higher than
eEF2-80S, even eEF2 being clearly required in every cycle of translation elongation. Although this work
suggests that the presence of eEF2 weakens the elF5A-ribosome interaction, further work is still needed
to address the kinetics between elF5A and eEF2 and thus understanding the sequential reactions along the
translation elongation process.

The proposed model for the dynamic interplay between elF5A and eEF2 is reasonable
considering wt proteins and complexes. However, to validate this model, it was also tested whether the
anticooperative effect of eEF2 on elF5A ribosome interaction would occur with the loss-of-function
mutants of elF5A. Similarly, the wt elF5A and the mutant elFSAX%A showed a 3-4-fold decrease in the
affinity to 80S in the presence of eEF2. Surprisingly, the elF5A?HLF hinding affinity was not affected
by the addition of eEF2. There results not only strengthen the model but also strongly suggest that the
interplay between these factors requires a certain level of binding affinity to ribosome, which is not
observed for the elF5AR?2HLF protein.

In order to further validate the model, it was analyzed the in vivo effect of overexpression of eEF2
in both elF5A mutants. As expected, the overexpression of eEF2 does not affect cellular growth and
stimulates total protein synthesis and running-off of the polysomes (P/M rates) in wt and elF5AKA
mutant. Contrarily, eEF2 overexpression causes slow growth phenotype, sensitivity to sordarin, decrease
in protein synthesis and accumulation of polysomes in the elF5AR22HL9F mutant. The diverse responses
for this mutant in the presence of high-copy eEF2 correlates very well with the biochemical difference in
terms of the negative cooperative effect of eEF2 on elF5A ribosome interaction. The imprisoning of eEF2
in the ribosome caused by sordarin, that also inhibits its tRNA translocation activity, is even more toxic

for the elF5ARZHLSF mutant in the presence of high-copy eEF2 than in the absence of sordarin.
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Interestingly, it was not seem any sensitivity of elF5A?HL%F in the presence of high-copy eEF2 against
other drugs that impair protein synthesis, e.g. hygromycin, anisomycin, paromomycin and puromycin
(data not shown). It strongly suggests that the impairment of protein synthesis and cell surveillance is not
due to a general problem in translation but a disturbance on the dynamic between elF5A and eEF2 and its
negative effect on elF5A ribosome interaction.

As the last attempt to validate the model, we investigated the migration of these factors using
sucrose gradients to identify any defects in elF5A and eEF2 binding capacity to the polysomes in vivo. As
expected, the mutant elF5AQ%2HLSF was the only elF5A protein detected in the late polysomes, when
compared to the wt and elF5AK®* mutant. The lowest binding affinity of elF5AQ2HLF js not in
agreement with imprisoned mutated elF5A in the polysomes. This apparent conflicting data could be
explained by the kinetics of the protein Kof/kon that considers not only the free energy difference (AG® =
Kq) between initial and final state, but also the free energy difference AG! (ko) and AG? (Kon) between
initial/final state and transition states. The stay-bound state of elF5AR22HL9F disturbs the effect of eEF2
on the stimulation of elF5A exit when it binds to the ribosome, resulting in lack of the proper dynamic
interplay of both factors. This interplay must be an essential key for the elongation rates of translation,
and helps to explain why eEF2 is toxic for the mutant elF5AQ22HLF and suppresses the growth and
translation defects of the mutant elF5AK®A (27). Kinetic studies are still required to explain the fine-
tuning of the anticooperative effect of eEF2 on elF5A ribosome interaction and help to determine the
limiting rates for translation elongation.

Taken together, this work suggests that eEF2 bound to the ribosome reduces elF5A ribosome
binding affinity, prior to the translocation event. During translocation, eEF2 and the tRNAs could also
display some negative effect on the elF5A ribosome interaction. Moreover, the proper interplay between
eEF2 and elF5A requires normal or quasi-normal levels of elF5A ribosome binding affinity. The lack of
this relation impacts the elongation rates and leads to the accumulation of queuing polysomes and

consequently compromising cell survival.
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ABSTRACT

The translation elongation factor elF5A is conserved through evolution and is necessary to rescue the
ribosome during translation elongation of polyproline-containing proteins. Although the site of elF5A binding to
the ribosome is known, no systematic analysis has been performed so far to determine the important residues on
the surface of elF5A required for ribosome binding. In this study, we used clustered charged-to-alanine
mutagenesis and structural modeling to address this question. We generated four new mutants of yeast elF5A:
tif51A4-4, tif514-6, tif514-7 and tif51A4-11, and complementation analysis revealed that #if51A4-4 and tif51A-7 could
not sustain cell growth in a strain lacking wild-type eIlF5A. Moreover, the allele #if57/4-4 also displayed negative
dominance over wild-type eIF5SA. Both in vivo GST-pull-downs and in vitro fluorescence anisotropy
demonstrated that elF5A from mutant #if5/A4-7 exhibited an importantly reduced affinity for the ribosome,
implicating the charged residues in cluster 7 as determinant features on the elF5A surface for contacting the
ribosome. Notably, modified elFSA from mutant #if51A4-4, despite exhibiting the most severe growth phenotype,
did not abolish ribosome interactions as with mutant #if5/A4-7. Taking into account the modeling e[F5SA+80S+P-
tRNA complex, our data suggest that interactions of e[F5A with ribosomal protein L1 are more important to
stabilize the interaction with the ribosome as a whole than the contacts with P-tRNA. Finally, the ability of eI[F5A
from tif51A4-4 to bind to the ribosome while potentially blocking physical interaction with P-tRNA could explain

its dominant negative phenotype.

KEYWORDS: translation elongation, hypusine, elF5A, ribosome binding

ABBREVIATIONS: elF5A, Eukaryotic Translation Initiation Factor 5A; TIF51A, gene encoding elF5A in yeast; EF-P,
Elongation Factor P.
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INTRODUCTION

The main aspects of protein synthesis are highly conserved throughout evolution, and many steps and
factors involved in translation are very similar across all kingdoms of life. Concerning the translation factors, the
elongation step of translation is most conserved (RODNINA and WINTERMEYER 2009 ; DEVER and GREEN 2012),
and the homologous factors bacterial EF-P and archaeal/eukaryotic elF5A are examples of such conservation
(RossI et al. 2014).

The former eukaryotic translation initiation factor 5A (elF5A) is an essential translation factor that was
originally purified from ribosomal salt wash of rabbit reticulocytes and initially classified as an initiation factor
because of its ability to stimulate methionyl-puromycin synthesis . Notably, elongation factor P (EF-P) is not
essential in some bacteria, such as Escherichia coli, but was also initially identified as a stimulatory factor for
methionyl-puromycin synthesis in an in vitro reconstituted translation assay . Although both elF5A and EF-P
have been previously related to different aspects of protein synthesis and other cellular functions, both have been
demonstrated to be necessary to rescue the ribosome during the translation elongation of polyproline-containing
proteins .

elF5A is an approximately 15-17 kDa protein (depending on the species) composed of two predominantly
B-barrel domains. The N-terminal domain is an SH3-like domain, predominantly positively charged and more
conserved than the rest of the protein. The C-terminal domain consists of an OB fold found in nucleic acid-
binding proteins and is much more negatively charged . Notably, EF-P contains three domains, instead of two,
which gives it a molecular mass of approximately 21 kDa. Domains | and 1l of EF-P contain the same folds as the
N-terminal and C-terminal domains of elF5A, and domain 111 of EF-P appears to be a duplication of domain II.

An interesting structural aspect of both elF5A and EF-P is their unique posttranslational modifications
they undergo that are necessary for their functions during the elongation of polyproline proteins. These
modifications occur on a specific lysine (in all elF5A and in EF-P of some species) or arginine (in EF-P of other
species) that reside at the tip of the N-terminal long loop (LASSAK et al. 2015b). The site of the modification in
elF5A, called hypusination, is shown in Fig 1.

In elF5A, this essential modification comprises the conversion of a lysine to a hypusine and is essential
for all archaea and eukaryotes tested so far. Hypusine formation occurs in two steps: first, the enzyme
deoxyhypusine synthase (Dysl in S. cerevisiae) transfers a 4-aminobutyl moiety from the polyamine spermidine
to the g-amino group of the specific lysine side chain to form deoxyhypusine; then, the second carbon of the
deoxyhypusine residue is hydroxylated by deoxyhypusine hydroxylase (Lial in S. cerevisiae).

Although all archaea and eukaryotes undergo hypusination of elF5A, modifications on EF-P vary
depending on the species. Co-occurrence of EF-P containing lysine or arginine and the corresponding

modification pathways (described below) are present only in approximately 35% of the known bacterial genomes,
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suggesting that either modification of EF-P in other species is not necessary, or there are other types of EF-P
modifications yet to be discovered (LASSAK et al. 2015b). So far, two different posttranslational modifications
have been described for EF-P: B-lysinylation of EF-P containing a lysine at the tip of its N-terminal long loop, and
rhamnosylation of EF-P harboring an arginine at the same position. B-lysinylation of EF-P occurs in three steps:
first, the enzyme YjeK (EpmB) converts a free S-a-Lys to R-B-Lys; then, this R-B-Lys is transferred by YjeA
(EpmA/PoxA/GenX) to the g-amino group of the specific lysine (K34 in Escherichia coli EF-P) in an ATP-
dependent manner; finally, YfcM (EpmC) hydroxylates the lysyl-lysine residue (RossI et al. 2014). The other
modification identified so far, the rhamnosylation of EF-P containing an arginine at the corresponding position,
consists of just one step: the attachment of one rhamnosyl moiety, from dTDP-rhamnose, to the specific arginine
(R32 in Shewanella oneidensis EF-P), mediated by the enzyme EarP (LASSAK et al. 2015a).

The crystal structure of unmodified Thermus thermophilus EF-P bound to the 70S ribosome and initiator
formyl-methionyl-tRNA; has been determined, revealing a binding site between the P and E sites of the ribosome,
contacting ribosomal protein L1, rRNA close to the peptidyl transferase center (PTC) and the peptidyl site tRNA
(P-tRNA) (BLAHA et al. 2009). More recently, the structure of Saccharomyces cerevisiae modified elF5A in
complex with the ribosome and P-tRNA was determined by cryo-electron microscopy (SCHMIDT et al. 2015). In
addition to this eukaryotic complex exhibiting similar aspects as the EF-P+ribosome+P-tRNA, the hypusine
directly interacts with the CCA-end of the P-tRNA. These data suggest that the essential role of hypusine in
elF5A is to stabilize the correct positioning of the CCA-end of the P-tRNA to assist peptide bond formation by
the PTC.

Nonetheless, no systematic analysis has been performed so far to determine the important residues on the
surface of elF5A that are required for the binding to ribosomal complexes. In this study, we used clustered
charged-to-alanine mutagenesis and modeling of the elF5A+ribosome+P-tRNA complex to better understand the

structural requirements of elF5A for ribosome binding.
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MATERIALS AND METHODS

Generation of plasmids encoding el F5A site-directed mutants from alanine scanning
To generate the new elF5A mutants described herein, the plasmid pYGEX-TIF51A was used as the template for
mutagenesis by the QuickChange Site-direct Mutagenesis Kit (Stratagene), according to the manufacturer’s

instructions. The complete open reading frame was sequenced to validate the intended mutations.

Molecular modeling and complex structural analysis

The elF5A structure was previously obtained by crystallography and deposited on Protein Data Bank PDB 3ERO.
This structure presents a monomer chain at 3.35-A resolution but missing some N-terminal, C-terminal and
hypusination loop residues. Because of these missing residues, molecular modeling was performed to obtain a
complete model of elF5A. The sequence GI: 215794766 was submitted to I-TASSER (YANG et al. 2015) using
itself as a template (PDB ID 3ERO:A).

S. cerevisiae ribosome structure PDB 4V7R (BEN-SHEM et al. 2010) was used for elF5A-ribosome complex
analysis performed by structural alignment using Pymol, Version 1.3 (Schrodinger, LLC) based on
crystallographic and cryo-EM structures of the ribosome in complex with tRNAs at the Peptidyl and Exit sites
(abbreviated as P and E, respectively).

Initially, the cryo-EM structure from the Plasmodium falciparum 80S ribosome bound to P/E-tRNA, PDB 3JBO,
(SUN et al. 2015) was used to coordinate references and align the 80S in complex with P-tRNA (PDB 3JBN).
Next, the structure of the 40S ribosome from Thermus thermophilus bound to EF-P, PDB 4V6A (BLAHA et al.
2009), was three-dimensionally aligned using the tRNA at the P-site as the coordinates reference.

Then, then 80S ribosome from yeast was aligned to the previously superposed structures to hide other structures
and retain only EF-P and tRNA at the P-site (PDB 4V6A) for subsequent analyses.

Finally, the elF5A model was aligned to the EF-P structure resulting in the 80S S. cerevisiae ribosome in complex
with tRNA at the P-site and elF5A. The analysis of cleavage sites was performed using a 25S RNA sequence
(PDB 3058) based on regions previously described (GUTIERREzZ et al. 2013), and the human elF5A
crystallographic structure, PDB 3CPF (TONG et al. 2009), was aligned to elF5A to corroborate the structure

analyses.

Cell growth assay and complementation analyses in yeast

The elF5A mutants were generated in pYGEX-TIF51A under the GAL1 promoter (galactose inducible). The strain
VZL1074 (MATa ura3 leu2 his3 kanMX4-tetOpr-TIF51A ura3::CMV-tTA), with endogenous elF5A expression
controlled by a tetracycline repressible promoter, was transformed with plasmids containing the new elF5A
mutants (pSV1373, pSV1476, pSV1479 and pSV1482) and used for the growth analyses. Briefly, liquid cultures
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were grown in 5 mL of medium SC-ura containing raffinose to suppress the plasmid expression until the
exponential phase (DOgsoonm = 0.6 - 0.8). A sample of the culture was centrifuged at 600 x g for 7 min, and the
pellet was suspended in 50% glycerol to a final concentration of 2.5x108 cells/mL. Ten-fold serial dilutions were
plated onto media SC-ura containing tetracycline and glucose (in the absence of elF5A) or galactose (expressing

heterologous elF5A). The plates were incubated at 25 °C for 3-4 days.

Detection of hypusine-containing elF5A

To analyze the presence of hypusine-containing elF5A, cultures of the yeast strain VZL1074 transformed with
plasmids containing the new elF5A mutants were grown overnight at 25 °C in 5 mL of SC-ura media with
raffinose, and then the cells were transferred into SC-ura media containing tetracycline and galactose to express
the elF5A mutants. After 6 hours of induction, samples were lysed in protein lysis buffer A (50 mM Tris-HCI pH
7.5; 50 mM dithiothreitol; 5 mM EDTA,; 5% SDS; 5% glycerol; 2x Protease Inhibitor Cocktail), and 15 ug of
whole cell extracts (WCE) were resolved by SDS-PAGE and transferred to a nitrocellulose membrane. We
proceeded to perform immunoblot analysis using a rabbit polyclonal anti-elF5A (yeast) antibody at a 1:15000
dilution (VALENTINI et al. 2002) and rabbit polyclonal anti-hypusine antibody (Millipore) at a 1:2000 dilution

(MANDAL et al. 2015) with an enhanced chemiluminescence detection system on a Li-Cor C-Digit Blot Scanner.

Glutathione-S-transferase (GST) pull-down assay

The yeast strains VZL1074 expressing GST (pSV20), GST-wild-type elF5A (pSV36) or GST-elF5A mutants
(pVZ1476, pVZ1479, pVZ1482) were grown in SC-ura + 2% galactose until DOgoonm = 0.8. Then, cells were
disrupted in lysis buffer B (20 mM Tris-HCI pH 7.5; KOAc 50 mM; MgCl; 10 mM; DTT 1 mM and 1 mM
Protease Inhibitor Cocktail) by agitation in Fast Prep equipment (three 25 second agitations) with glass beads. The
cells were clarified by centrifugation at 20000 xg for 15 min at 4 °C, and the lysates subjected to GST-pull-down
as previously published (ZANELLI et al. 2006). Immunoblot analysis of WCE and bound fractions from GST-
elF5A and GST was performed using the rabbit polyclonal antibodies anti-elF5A (1:10000), which also

recognizes GST-elF5A, anti-L5 (1:15000) and an enhanced chemiluminescence detection system.

Expression and purification of elF5A protein versions

The yeast hypusine-containing elF5A (elF5A-Hyp) and non hypusine-containing elF5A (elF5A-Lys) were
expressed and purified according to a modified protocol (PARK et al. 2011). Briefly, 2 L of BL21(DE3)groES
(Takara Bio) cells containing a polycistronic vector co-expressing the yeast genes of the hypusination modifying
enzymes (DYS1 and LIA1) and pET28a-elF5A versions (which yields 6xHis-elF5A) were harvested after 16 h of
induction at 18 °C. Cells were then lysed by sonication in ice-cold Buffer C (50 mM Tris-Cl pH 7.0; 0.1 mM
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EDTA; 300 mM KCI; 1 mM DTT; 20 mM imidazole). The lysate was mixed with 5 mL of equilibrated NiINTA
resin (Qiagen), and proteins were eluted in Buffer D (Buffer C containing 250 mM imidazole). The eluate was
dialyzed against Buffer E (50 mM Tris-Cl pH 7.0; 0.1 mM EDTA; 1 mM DTT), and cationic chromatography in
SP column was performed onto equilibrated 5 mL HiTrap-SP column (GE Healthcare) to separate elF5A-Hyp and
elF5A-Lys (PARK et al. 2011). Proteins were eluted from the HiTrap-SP column in a gradient of 0-60% of Buffer
F (50 mM Tris-Cl pH 7.0; 0.1 mM EDTA; 10% glycerol; 1 M KCI; 1 mM DTT), and the fractions containing
elF5A-Lys (pl lower and first peak) and elF5A-Hyp (pl higher and second peak) were collected and analyzed by
SDS-PAGE. Purified proteins were then concentrated using Amicon Ultra 3 kDa (Merck Millipore), immediately
frozen in liquid nitrogen and maintained at -80 °C.

Yeast ribosomes were prepared based on previous protocols (FRASER et al. 2007; BEN-SHEM et al. 2010) with
some modifications. Approximately 30-40 g of cells from early saturated culture of 1-2 OD were immediately
frozen in liquid nitrogen and lysed in 40 mL of lysis Buffer F (20 mM Hepes pH 7.5; 100 mM KCI, 5 mM
Mg(OAc),, 1 mM DTT, Protease Inhibitors). Cells were split into 3-4 round-bottom tubes containing 20 g of glass
beads and vortexed for 6 cycles of 1 min ON - 1 min OFF at 4 °C. Twenty-five mL of clarified lysate were loaded
on the top of a 20% sucrose cushion (20 mM Hepes pH 7,5; 100 mM KCI; 5 mM Mg(OAc)2; 1 mM DTT) in a
Beckman Ti45 tube. The purification of ribosomes and the separation of 40S and 60S subunits were performed as

previously described (FRASER et al. 2007).

Protein labeling with fluorescein

The purified single-cysteine version of human elF5A, elF5AC22AC3BALTIACIZIATIAC (0] FEATI42C) 'was labeled with
fluorescein-5-maleimide (Thermo Scientific), following published protocols (SOKABE and FRASER 2014). After
labeling, elF5A-fluorescein was purified from the free dye by spinning in a 2 mL size exclusion column of 6 kDa
(BioRad). The amounts of dye and protein were evaluated by 495 nM absorbance and quantitative dot blots using
wild-type elF5A as a standard. Only the preparation with more than 95% of labeling was used for fluorescence

anisotropy assays.

Fluorescence Anisotropy

Competition assays with fluorescein-labeled elF5A (elF5A-fluorescein) were conducted using a VICTOR X5
Multilabel Plate Reader (Perkin Elmer) and a modified version of a previously published protocol (FRASER et al.
2007). Inhibition constants (K;) of non-labeled elF5A wild-type and mutants were determined using a preformed
ribosomal complex with elF5A-fluorescein, in which the concentration of the ribosome and elF5A-fluorescein
was held constant at 30 nM and 5 nM, respectively, and the starting concentration of the elF5A competitors was 5
uM. The addition of higher concentrations of the competitor did not change the equilibrium inhibition constant

values, indicating that the reaction was prepared in saturating conditions. Anisotropy binding reactions were set
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up in 22 pL final volume in reaction buffer (20 mM Hepes pH 7.5; 100 mM KOAc; 2.5 mM Mg(OAc)z; 1 mM
DTT; 15 uM BSA), and increasing concentrations of competitors were added, as indicated in the legend of Fig 6.
Twenty puL of each reaction was transferred to a 384-well plate and incubated at 30 °C for 30 min to reach
equilibrium. Fluorescence Polarized (FP) light and total fluorescence were measured, and the anisotropy change
(r) was converted into the fraction of elF5A-fluorescein bound to the ribosome and fitted to the solution of a
quadratic equation describing an equilibrium reaction (SOKABE and FRASER 2014). The values presented in Table
1 were obtained from the average of three independent replicates, and the errors provided are standard deviations
of the mean.
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RESULTS AND DISCUSSION

elF5A contains four clusters of charged residues potentially important for interaction with ribosomal
components

To search for residues on the surface of elF5A that are important for binding to the ribosome, we
combined the clustered-charged to alanine scanning mutagenesis strategy and molecular modeling of the elF5A-
ribosome complex. The cluster-charged to alanine scanning mutagenesis is based on the replacement of clustered-
charged amino acid residues (E, D, K, R and H), which are possible sites of protein-protein or protein-RNA
interactions, by alanine across all protein sequence .

In this work, we searched for clusters of five amino acid residues present in the elF5A primary sequence
containing at least two charged residues and substituted the charged residues with alanine (Fig 1a). We excluded
from our analysis only the charged clusters inside the hypusine loop of elF5A (from residues 45 to 60) because
they are already known to be necessary for hypusine formation, which in turn is necessary for ribosome binding .
We also excluded the N-terminus (from residues 1 to 16) and C-terminus (from residues 151 to 157) because they
are not present in the crystal structure of elF5A (PDB 3ERO). In this way, we designed 11 new elF5A mutants,
localized in different regions of the surface of elF5A (Fig 1b).

The elF5A location on 80S was modeled similarly as reported previously using data from tRNA and
rRNA hydroxyl radical cleavage (GUTIERREZ et al. 2013). We performed the molecular modeling and complex
structural analysis to investigate the distances of elF5A residues from the ribosome and tRNA. The left panel of
Fig 2a shows the binding region of elF5A (yellow) in the large subunit of the ribosome (gray), located between
the P and E sites and the modification loop (orange) near the peptidyl transferase center of the ribosome. The right
panel of Fig 2b is a magnified view of the crystal structure of elF5A bound to Ribosomal 60S subunit protein L1
(L1) (green) and the P site tRNA (blue). The location of elF5A on 80S corroborates with the location of its
structural homologue in bacteria, EF-P on the 70S ribosome (BLAHA et al. 2009), and our model is consistent with
the previously obtained model (GUTIERREZ et al. 2013). We then used this model to analyze the 11 charged
clusters of the elF5A surface, and clusters 4, 6, 7 and 11 were selected for further analysis because they not only
harbor residues predicted to physically contact the rRNA to some extent but also show more evidence for binding
to the L1 protein (clusters 6, 7 and 11) or the P-site tRNA (cluster 4) (Fig 2c and data not shown). Although the
structure of elF5A in complex with the ribosome was published while we preprared this manuscript, the structural

coordenates have not been released so far.
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Clustered-charged to alanine mutants tif514-4 and tif514-7 of eIF5A exhibit important growth defects not
related to decreased eIFSA protein or hypusine levels

To assess the functional effects of changing the charged residues present in clusters 4, 6, 7 and 11, we
tested their abilities to complement a yeast strain depleted of e[FSA. The mutations to substitute charged residues
for alanine were constructed in the plasmid pYGEX-TIF5/4, which is under the control of galactose for
expression, and introduced in the strain VZL1074 (tetOpr-TIF51A4), which has eIF5A production turned off in the
presence of tetracycline. These new alleles of elF5A, containing charge-clustered to alanine mutations, were
named after their cluster names: tif514-4, tif514-6, tif514-7 and tif51A4-11. Fig 3 illustrates the results of
complementation of these elF5A mutants, with negative (empty vector pY GEX), positive (pYGEX-TIF514) and
the non-hypusinatable mutant eIFSAXR (pYGEX-if514%°'?) as controls (SCHNIER et al. 1991). As observed in
Fig 3, the mutants #if51A4-6 and ¢if51A4-11 could complement the absence of wild-type eIF5A, whereas the mutants
tif514-4 and tif51A4-7 exhibited an important reduction in their abilities to promote growth in these conditions.
Although the mutants tif5/4-4 and tif51A4-7 could maintain some growth in the absence of wild-type elF5A
compared with the empty vector and fif514%°'® mutant, their growth phenotypes clearly demonstrated that the
substitutions of the clustered-charged residues to alanine in these mutants impaired elF5A function. In addition to
complementation, this assay could also evaluate the negative dominance of these mutants when there was
simultaneous expression of wild-type and mutant elF5A (tetracycline-free medium containing galactose).
Curiously, the mutant ¢if5/4-4 showed a dominant negative phenotype, since a growth defect was observed even
in the presence of the wild-type gene (SC-ura + galactose). The finding of a dominant negative mutant of e[F5A is
quite interesting because there is no elF5SA dominant negative mutant described so far. This dominant negative
can be useful in future genetic screenings in the presence of endogenous elF5A.

Because the impairment of growth in mutants #if51/4-4 and tif514-7 may be a result of a decrease in total
elF5A protein levels, we tested mutant e[F5A levels compared to the wild-type eIF5A levels. As observed in the
lower panel of Fig 4 (total eIFSA) and the WCE lanes of Fig 5, both mutants #if5/4-4 and tif514-7 produced
levels of modified e[F5A protein similar to the wild-type, indicating that their inability to complement is caused
by the lack of elF5A function, rather than by the loss of the mutant protein.

Additionally, because hypusine modification is essential for elF5A activity (PARK 2006), we examined
whether the growth defects of the elF5A mutants could be related to decreased hypusination levels. To determine
if the elF5A mutants were hypusined in vivo, we performed an immunoblot assay using an antibody that
specifically recognizes hypusinated elF5A and compared these results with total elF5A. Wild-type elF5A and the
non-hypusinable eIF5AK*R mutant (SCHNIER et al. 1991) were used as controls. The hypusination levels of elF5A
and the mutants were similar in this assay, and this information further support the idea that the defective growth

phenotype of the #if51A4-4 and tif51A4-7 mutants is not related to their hypusination levels.
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elF5A from mutant #if514-7 exhibits an importantly reduced affinity for the ribosome in vivo and in vitro

To evaluate the in vivo physical interactions between the elF5A mutants and ribosomal complexes, we
first performed in vivo GST-pull-downs. For this analysis, we chose the elF5A mutants #if514-4 and tif51A4-7
because of their growth phenotypes along with one of the mutants that exhibited no growth phenotype, #if51A4-6,
as a control. Notably, the mutants #if5/4-4 and tif514-6 could co-purify the ribosome (detected by L5) in a
manner similar to the wild-type, whereas the mutant #if5/A4-7 exhibited an important reduction of ribosome pulled
down. These results suggest that the decrease in ribosome binding by mutated elF5A may be the cause of the
tif514-7 growth phenotype and, therefore, that the charged residues of cluster 7 are necessary for this physical
interaction.

Although the pull-down results for the #if5/4-6 allele were consistent with its ability to substitute for
wild-type elF5A, the mutant tif51A4-4 exhibited the most severe growth phenotypes among the mutants studied
herein, yet it co-purified with the ribosome. Notably, according to the modeled elF5A-ribosome complex, the
charged residues in cluster 4 (modified to alanine in #if5/A4-4) contact the P-site tRNA. Accordingly, our results
suggest that interfering with residues on the surface of elF5A binding to the P-site tRNA does not abolish its
binding to the ribosome. Moreover, the ability of eIF5A from tif514-4 to bind to the ribosome while potentially
blocking physical interaction with P-site tRNA could explain its dominant negative growth phenotype.

Then, we performed fluorescence anisotropy, a more quantitative, in vitro assay, to compare the affinities
between elF5A isoforms and the ribosome. Fluorescence anisotropy is based on the fact that when a protein
conjugated to a fluorophore is excited in solution with polarized light, it emits fluorescence as polarized light
dependent on its mobility (LAKowicz 2006). Therefore, free proteins have much higher mobility compared with
proteins in a larger complex. The affinities of elF5A-Hyp (Ki = 8 nM) to the 80S revealed that these proteins
could bind directly and tightly to the 80S. As expected (JAO and CHEN 2006; ZANELLI et al. 2006), hypusine was
required for a stable elF5A-ribosome binding because the Ki for elF5A-Lys (Ki =~ 238 nM) was approximately 30
times lower than elF5SA-Hyp. Table 1 provides the experimental values and standard deviations (SD) obtained
from triplicates for minimum anisotropy (rmin), Mmaximum anisotropy (Feound), Maximum anisotropy variation
(Armax) and binding constant (Ki). Likewise, all non-modified (non-hypusine) mutant proteins (Lys) exhibited Ki
values considerably lower than hypusine-containing proteins (Hyp) (Table 1). The affinities of elF5A-Lys from
mutants #if5/4-6 and tif51A4-7 to the ribosome were too low to calculate their Ki values. Finally, hypusine-
containing elF5A from mutants tif5/4-4, tif514-6 and tif514-7 were evaluated in the same fluorescence
anisotropy assay (Fig 6b). All alanine-scanning mutants tested showed a significant decrease in affinity to the
ribosome, indicating that all charged clusters tested herein somehow affected the interaction with the ribosome,
although not all of them exhibited growth phenotypes or revealed this decrease in affinity in the GST-pull-down.
Comparing the mutants among themselves, tif514-4 (Ki = 170 nM) and #if514-6 (Ki = 167 nM) exhibited similar

11
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binding affinities to the ribosome, whereas #if514-7 exhibited the weakest ribosome binding (Ki > 1 puM),
revealing a dramatic defect in ribosome binding by elF5A from this mutant.

Notably, although the decrease in binding capacity of elF5A from mutants #if5/4-4 and tif51A4-6 was not
apparent in the GST-pull-down assay, it is possible that this less quantitative assay cannot clearly distinguish them
from wild-type. Additionally, the mutant tif5/A4-6 exhibiting no discernible growth phenotype suggests that an
~10-fold decrease in affinity binding of the elF5A-ribosome complex does not compromise cell growth.
Conversely, it is also possible that other factors in vivo can contribute to alleviate this decrease in affinity of
elF5A to the ribosome in mutants ¢if5/4-4 and tif514-6. Nevertheless, the observation that eI[F5A from mutants
tif514-4 and tif514-6 showed similar results in the anisotropy fluorescence assay further supports the idea that it

is not decreased binding to the ribosome that generates the growth phenotypes in mutant #if514-4.
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FIGURE LEGENDS

Fig. 1 Residues substituted in charge-clustered to alanine mutations (a) Primary sequence of elF5A
highlighting the mutated clusters. In gray are the residues not present in the elF5A crystal structure. The red boxes
indicate the clusters of five amino acid residues with at least two charged amino acids chosen as targets for the
alanine scanning strategy. (b) elF5A structure (PDB 3ERO0) showing the amino acid residues mutated highlighted
in red and the hypusination site highlighted in orange (GENTZ et al. 2009).

Fig. 2 Model of elF5A binding to 60S-tRNA ribosome complex (a) Interaction model of surface representation
of S. cerevisiae elF5A (yellow) with hypusitation site in orange (PDB 3EROQ) and ribbon representation of Met-
tRNAMe (blue; PDB 3JBN) on the ribbon structure of yeast 60S ribosome (grey; PDB 4V7R). The position of L1
is indicated in green. (b) Magnified views of docked elF5A, P site Met-tRNAM¢ and L1 protein, with the putative
interaction residues highlighted in red. (c) Magnified views of docked elF5A, P site Met-tRNAMet and L1 protein.

Fig. 3 Growth analysis of S. cerevisiae expressing elF5A mutants from alanine scanning Serial dilutions of
VZL1074 strain (tetOpr-TIF51A) containing pSV20 (vector pYGEX — negative control), pSV36 (pYGEX-
TIF51A — positive control), pSV41 (pY GEX-if5 1*>'® — non-hypusinatable control) or mutants #if51A4-4, tif51A4-6,
tif51A4-7 and tif51A4-11 were inoculated in SC-ura supplemented with or without 20 pg/ml tetracycline, containing
2% glucose or galactose, and incubated at 25 °C for 3 days.

Fig. 4 Charged-clustered to alanine tif514-4 and tif51A4-7 mutants exhibited no decrease in total elF5A or
hypusination levels. The levels of total elF5A and hypusine-containing elF5A was tested for the elF5A produced
by mutants #if5/4-4 and tif5/A4-7 using an elF5A antibody that recognizes all elF5A forms or the hypusine-
specific elF5A antibody. It is indicated on the top of each lane the allele producing the elF5A analyzed. The
tif514-K51R allele generates a non-hypusinatable eIF5A (SCHNIER ef al. 1991)

Fig. 5 GST-pull-down of clustered-charged to alanine mutants of eIF5A. Yeast whole cell extracts (WCE)
derived from cells expressing either GST alone or GST-elF5A (from wild-type TIF51A, or from mutants ¢if5714-4,
tif514-6 and tif51A4-7) were incubated with glutathione—Sepharose beads, washed, and proteins bound to the beads
(bound) were denatured and fractionated by SDS-PAGE. Western blot analysis from fractions of whole cell
extract (WCE) and bound was performed using specific polyclonal antibodies against ribosomal protein L5 (anti-
L5) and anti-elF5A.

Fig. 6 Binding assays of elF5A mutants with yeast 80S ribosome The curves in the graphs indicate the fraction

of wild-type elF5A-fluorescein bound to the yeast 80S in competition with: (a) wild-type elF5A both containing
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hypusine (elF5A-Hyp) or not (unmodified - elF5A-Lys) or (b) hypusine-containing elF5A from wild-type
(TIF51A) or mutants tif51A-4, tif514-6 and tif514-7. The values of equilibrium binding constants and anisotropy

changes are provided in Table 1. All data were obtained in independent experimental triplicates.

Table 1 Values of mean and standard deviation of the anisotropy change and equilibrium binding constants K;

Protein-FI + 80S K& ("M)  Tiree OF Fmin®  Foound® Al ma”
TIF51A - Hyp 9+1.1 0.177+£0.01 0.245£0.005 0.068+0.006
tif51A-4 - Hyp 171+14 0.191+0.003 0.261+£0.010 0.070+0.013
tif51A-6 - Hyp 167+54 0.211+0.007 0.252+0.011 0.0413+0.008
tif51A-7 - Hyp 1148+£508 0.175x0.015 0.255+0.004 0.080+0.018
TIF51A - Lys 238143 0.201+0.005 0.244+£0.001 0.043+0.004
tif51A-4 - Lys 38871 0.201+0.020 0.256+0.006 0.054%0.004
tif51A-6 - Lys nd 0.206£0.026  0.243+£0.009 0.037+0.035
tif51A-7 - Lys nd 0.229£0.004 0.236+£0.004 0.007+0.001

aEquilibrium binding constant obtained by titrating elF5A as a competitor into fixed amount of ribosome+elF5A-

fluorescein;

b Anisotropy values for the free elF5A-fluorescein or the minimum anisotropy detected for the competition assays;

¢ Anisotropy of the elF5A-fluorescein bound to the ribosomal complex in the absence of competitors;

4 Maximum anisotropy change obtained by the difference between riee OF Fmin and roound;

nd = not determined measurements;
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Abstract The putative eukaryotic translation initiation
factor SA (eIF5A) is a highly conserved and essential
protein present in all organisms except bacteria. To be
activated, eIFSA requires the conversion of a specific res-
idue of lysine into hypusine. This hypusine modification
occurs posttranslationally in two enzymatic steps, and the
polyamine spermidine is the substrate. Despite having an
essential function in translation elongation, the critical role
played by eIF5A remains unclear. In addition to demon-
strating genetic interactions with translation factors, eIFSA
mutants genetically interact with mutations in YPT1, which
encodes an essential protein involved in endoplasmic
reticulum (ER)-to-Golgi vesicle transport. In this study, we
investigated the correlation between the function of e[F5A
in translation and secretion in yeast. The results of in vivo
translocation assays and genetic interaction analyses sug-
gest a specific role for eIF5A in the cotranslational trans-
location of proteins into the ER, but not in the
posttranslational pathway. Additionally, we observed that a
block in eIF5A activation up-regulates stress-induced
chaperones, which also occurs when SRP function is lost.
Finally, loss of eIF5A function affects binding of the
ribosome-nascent chain complex to SRP. These results link
elF5A function in translation with a role of SRP in the cell
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and may help explain the dual effects of eIFSA in differ-
ential and general translation.

Keywords Translation elongation - Hypusine -
elF5A - Cotranslational translocation - Endoplasmic
reticulum

Abbreviations

elF5A Eukaryotic translation initiation factor 5A
TIF51A Gene encoding eIF5A in yeast

eEF2 Eukaryotic translation elongation factor 2
EFT2 Gene encoding eEF2 in yeast

eEF1A Eukaryotic translation elongation factor 1A
EF-P Elongation factor P

SRP Signal recognition particle

ER Endoplasmic reticulum

RNC Ribosome-nascent chain
CPY Carboxypeptidase Y

DPAP B Dipeptidyl aminopeptidase B
Introduction

The putative eukaryotic translation initiation factor 5A
(eIF5A) is a highly conserved and essential protein that is
present in archaea and eukaryotes but not in bacteria
(Schnier et al. 1991; Chen and Liu 1997). It was initially
purified from the ribosomes of reticulocyte lysates, and
elF5SA was also shown to stimulate the synthesis of me-
thionyl-puromycin in vitro (Benne and Hershey 1978).
However, a controversy has existed for years about whe-
ther eIFSA plays a direct role in translation. Meanwhile,
several other functions have been attributed to elF5A,
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including roles in cell cycle progression, nucleocytoplas-
mic transport, mRNA degradation and apoptosis (Zanelli
and Valentini 2007; Park et al. 2010; Marra et al. 2007).
Nevertheless, it was recently demonstrated that elF5A
physically interacts with the 80S ribosome, as well as with
translation elongation factors eEF1A and eEF2. In addi-
tion, eIF5A co-fractionates with monosomes and poly-
somes in a translation-dependent manner (Jao and Chen
2006; Zanelli et al. 2006). Mutants of eIF5SA show an
accumulation of polysomes instead of polysome run-off,
and they cause an increase in the average time required for
ribosomes to transit along mRNAs (Gregio et al. 2009;
Saini et al. 2009). Moreover, eIF5SA interacts functionally
with elongation factor eEF2 (Dias et al. 2012). These
results not only support the notion that eIF5A plays a direct
role in translation but also suggest that its role is specifi-
cally in translation elongation rather than translation
initiation.

elF5A is activated by a unique posttranslational modi-
fication, in which a specific lysine residue (K51 in yeast) is
converted into hypusine over two steps: first, the enzyme
deoxyhypusine synthase (Dysl in yeast) transfers an am-
inobutyl moiety from the polyamine spermidine to the
amino group of the specific lysine residue, forming de-
oxyhypusine; then, addition of a hydroxyl group is cata-
lyzed by the deoxyhypusine hydroxylase (Lial in yeast)
(Park et al. 2010).

Although bacteria do not have an eIF5A orthologue,
they have instead the elongation factor P (EF-P), which
shares important structural features with eI[FSA (Park et al.
2010; Dias et al. 2013). EF-P does not contain a hypusine
residue; however, in a subset of bacterial species, EF-P
does undergo a posttranslational modification which
involves the addition of a B-lysine to a specific lysine
residue, corresponding to the hypusine modification site in
elFSA (Navarre et al. 2010; Yanagisawa et al. 2010; Bailly
and de Crécy-Lagard 2010; Roy et al. 2011; Park et al.
2012). This EF-P modification, called B-lysylation, is
analogous to the hypusine modification of eIFSA and is
important for the function of EF-P in the translation and
cell growth of E. coli (Yanagisawa et al. 2010; Park et al.
2012).

The budding yeast Saccharomyces cerevisiae has been
used as a model system to study eIF5A, and several genetic
interactions have already been identified (Valentini et al.
2002; Zanelli and Valentini 2005; Frigieri et al. 2007,
2008; Dias et al. 2012). One interesting genetic interaction
is synthetic lethality caused by mutation of both eIF5A and
Yptl (Frigieri et al. 2008), a protein essential for the fusion
of endoplasmic reticulum (ER) vesicles to the Golgi (Segev
2001). Although we demonstrated that eIFSA does not
work directly in the vesicle trafficking, this factor is
associated to ribosomes bound to membranes, implying a
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function for eIF5A in translation at the ER (Frigieri et al.
2008).

To better understand the link between elFSA and the
secretory pathway, in this study, we analyzed the
involvement of elF5A in the translocation of proteins into
the ER. We demonstrate that e[F5A is important for the
cotranslational translocation of proteins into the ER, but
not for the posttranslational translocation pathway. Addi-
tionally, genetic analyses revealed that interactions only
occur between eIFSA and factors essential for the
cotranslational translocation pathway. Interestingly, when
hypusine formation and eIF5A activation are blocked, we
observed up-regulation of the expression of stress-induced
chaperones, a phenotype also seen in mutants with loss of
function of the cotranslational translocation pathway and
the consequent accumulation of unfolded proteins in the
cytosol. Finally, we show that eI[FSA function is important
for the ribosome-nascent chain (RNC) complex to bind the
signal recognition particle (SRP). Collectively, these

Table 1 The yeast strains used in this study

Strain Genotype Source
SVL14 MATa ade?2 his3 leu2 trpl ura3 Lab collection
canl tif51A-1 (P83S) (Valentini et al.
2002)
SVLS82 MATa ade?2 his3 leu2 trpl ura3 Lab collection
canl
SVL613  MATa leu2 trpl ura3 his3 Lab collection
dysl::HIS3 [DYSI/TRP1/CEN]
(pSV520)
SVL614  MATa leu2 trpl ura3 his3 Lab collection
dysl::HIS3 [dysI-1 (WT5R, (Galvio et al.
T118A, A147T)/TRP1/CEN] 2013)
(pSV730)
VZL1021 MATo ura3 leu2 his3 trpl ade?2 Davis Ng
sec61-101
VZL1246 MATu ura3 leu2 his3 trpl ade2 Martin Pool
canl rpl25::HIS3 [RPL25-GFP/
LEU2/CEN]
VZL1248 MATa ura3 ade2 trpl leu2 his3 Martin Pool
sec65-1
VZL1257 MATu his3 leu2 ura3 tif51A- Lab collection
1::natMX4 canl lypl
VZL1292 MATa ade2 his3 leu2 trpl ura3 Lab collection
canl [eft2"°°%12/TRPI]
(pVZ1370)
Y07842"  MATa his3 leu2 ura3 sec61- Brenda Andrews
2::kanMX4
Y07900"  MATa his3 leu2 ura3 sec62- Brenda Andrews
ts::kanMX4
Y11000*  MATa his3 leu2 ura3 sec65- Brenda Andrews
1::kanMX4
1623* MATa his3 leu2 ura3 Brenda Andrews

# Li et al. (2011)



elF5A has a function in the cotranslational translocation

647

Table 2 The plasmids used in this study

Plasmid Description Source
pSV59 CEN, LEU2 Lab collection
pSV60 CEN, URA3 Lab collection
pSV65 2u, URA3 Lab collection
pSV107 TIF51A, 2u, URA3 Lab collection
pSV138  TIF51A, CEN, URA3 Lab collection
pSV146  TIF51A, CEN, LEU2 Lab collection
pSV364  2u, URA3 Lab collection
pSV374  2u, LEU2 Lab collection
pVZ1064 SSCPY-URA3, HIS3, CEN Davis Ng
pVZ1110 GALI-DAP2-6xHis, 2u, Open biosystems/Lab
URA3 collection
pVZ1359 SEC65, SRP21, SRP72, 2y, Colin J. Stirling
URA3
pVZ1360 SCRI, SRP14, SRP54, Colin J. Stirling
SRP68, 2u, LEU2
pVZ1370 2K 24, TRPI Lab collection

results reveal a close connection and specific interaction
between elF5A and the translocation of proteins into the
ER via the cotranslational pathway.

Materials and methods
Yeast strains, plasmids and standard procedures

The yeast strains and plasmids used in this study are listed
in Tables 1 and 2, respectively. The procedures for cell
growth and genetic manipulations were performed
according to standard protocols (Guthrie and Fink 1991).

Western blot analysis

Yeast strains were grown to mid-log phase and were sub-
sequently lysed in protein extraction buffer (20 mM Tris—
HCI, at pH 7.5, 2 mM dithiothreitol, 2 mM EDTA and
5 pg/mL each of pepstatin, leupeptin, aprotinin and chy-
mostatin). Total protein extracts were resolved by SDS-
PAGE and transferred to a nitrocellulose membrane. The
proteins of interest were detected through immunoblotting,
using specific antibodies and the chemiluminescence
detection system.

Growth analysis and temperature sensitivity assay

Yeast strains were grown under permissive conditions, and
equal amounts of the cultures were subsequently harvested.
Tenfold serial dilutions were plated onto specific media
and grown at the indicated temperatures for 3 days.

Synthetic genetic interactions

Strains carrying double knockout alleles or mutations were
generated by standard crossing and sporulation methods.
Spores of interest were grown in the presence of nour-
seothricin (tif51A-1::natMX4) and geneticin to select for
other mutant genes (kanMX4 marker). The strains were
then transformed with a plasmid encoding TIF5IA or an
empty vector. Briefly, the plasmid shuffle assay (Lorsch
2007) was used to select the strains that, due to natural
plasmid loss, did not harbor the TIF51A/URA3 plasmid
after being grown in media containing uracil. This selec-
tion allows for an analysis of the gene interactions both
with and without a copy of the wild-type gene in an iso-
genic background.

Subcellular fractionation

The subcellular fractionation of the lysed cells was based
on previously described protocols (Frey et al. 2001; Dalley
et al. 2008). The pellet of cells was prepared according to
the western blot protocol, including a treatment with
0.1 mg/mL cycloheximide for 5 min just before lysis. The
lysates were cleared of cellular debris by centrifugation at
1,200x g for 10 min, and the membranes were pelleted by
centrifugation at 18,000xg for 20 min. The pellet was
solubilized by the addition of 1.5 % (weight/volume)
CHAPS in the presence of 500 mM KOAc. Insoluble
materials were removed by high-speed centrifugation. The
resulting supernatant was centrifuged for 1h at
256,000xg to generate a ribosome-enriched pellet and a
postribosomal supernatant. The total protein extract (T),
postribosomal supernatant (S) and ribosomal-enriched
pellet (P) were each analyzed by western blot. The western
blot signals of the samples were quantified using ImageS-
canner III and IQ Tools (GE Healthcare Life Sciences).
The values of the pellet fractions, normalized by their
respective total fractions, were plotted in percentages rel-
ative to the wild type (assuming wild type = 1.0) using
Microsoft Excel software (Microsoft, Redmond, Wash-
ington, USA).

Results and discussion

A mutant of eIF5A shows a cotranslational
translocation defect, which is not due to impaired
general translation elongation

Considering the involvement of eIF5A in elongation and its
functional connection to the secretory pathway (Frigieri
et al. 2008; Gregio et al. 2009), we hypothesized that
elFSA might act during ER-associated protein synthesis.
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Fig. 1 elF5A does not play a role in the posttranslational translo-

cation of proteins into the ER. a The in vivo translocation of the
endogenous CPY protein. The wild-type (SVL82), sec61-101
(VZL1021) and tif51A-1 (SVL14) strains were grown to mid-log
phase at 25 °C and then shifted to the restrictive temperature (37 °C)
during 3 h. Ten micrograms of total protein extract from each strain
were immunoblotted with anti-CPY to detect the precursor
(pCPY = 69 kDa) and the mature (mCPY = 61 kDa) forms of the
protein. Anti-Rpl5 was used as a loading control. Anti-eIF5A was
used to detect the protein mutant depletion under restrictive growth
conditions. b Tenfold serial dilutions of the same strains harboring the
reporter SSCPY-Ura3 (pVZ1064) were plated onto SC-histidine
(growth control) and SC-uracil to test the ability to grow due to the
cytoplasmic accumulation of SSCPY-Ura3. Both plates were incu-
bated at semi-permissive temperature (35 °C) for 3 days

To test this possibility, we used a tif5/A-1 mutant strain,
which has depleted elFSA (Valentini et al. 2002), and
reporters of protein translocation into the ER (Ng et al.
1996). Because the mechanisms governing the cotransla-
tional and posttranslational pathways of protein transloca-
tion into the ER differ significantly, in particular the factors
associated with the translational machinery, we tested
reporters specific to both pathways (Ng et al. 1996).

We first investigated the posttranslational pathway using
the vacuolar carboxypeptidase Y (CPY) as a reporter. The
targeting of CPY to the ER occurs in a SRP-independent
manner (Ng et al. 1996). CPY maturation occurs normally
in wild-type cells but is abnormal in cells that exhibit a
general translocation defect, such as sec6/ mutants (Stir-
ling et al. 1992; Ng et al. 1996). As shown in Fig. la, the
wild-type strain showed correct sorting of CPY, which
undergoes proteolysis to yield its vacuolar mature form
(61 kDa), consequently decreasing its molecular weight.
As in the wild type, the #if51A-1 mutant also exhibits only
the mature form of CPY. On the other hand, the sec61-101
mutant exhibits an accumulation of the precursor form of
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Fig. 2 eIF5A, but not eEF2, plays a role in the cotranslational
translocation of proteins into the ER. The wild-type (SVL82), sec61-
101 (VZL1021), 1if5IA-1 (SVL14) and efi2#°%°% (SVL1292) strains,
all carrying the reporter DPAP B plasmid (pVZ1110), were grown to
mid-log phase at the permissive temperature (25 °C). The expression
of the reporter DPAP B was induced by the addition of 2 % galactose
for 3 h. For SVL14, SVL82 and VZL1021, DPAP B induction time
was coincident to the shift time at the restrictive temperature, 3 h at
37 °C. The dominant-negative eft2*° was grown at 25 °C as
translation elongation defect already occurs at this condition (Ortiz
and Kinzy 2005). The total protein extract was immunoblotted using
anti-6xHis (DPAP B) to detect both the precursor (pDPAP
B =93 kDa) and the mature (mDPAP B = 120 kDa) forms of
DPAP B. Dysl was used as a loading control

CPY (69 kDa). These results agree with previous evidence,
which indicated that different eIF5A mutants did not dis-
play defects in CPY maturation (Frigieri et al. 2008).

To extend our analysis of the potential link between
elF5A and ER-associated protein synthesis, we used a
second reporter. The signal sequence of CPY was fused to
the N-terminus of the entire URA3 ORF (SSCPY-Ura3),
leading to the production of the fusion protein SSCPY-
Ura3, which is artificially targeted to the ER exclusively
via the posttranslational pathway (Ng et al. 1996). In a
wild-type strain, SSCPY-Ura3 is efficiently targeted to the
ER and this fusion protein cannot complement an ura3
strain because it lacks access to its natural cytosolic sub-
strate. In contrast, cells with a defect in the posttransla-
tional pathway accumulate SSCPY-Ura3 in the cytoplasm
and can grow in medium without uracil. The results gen-
erated using this reporter are shown in Fig. 1b. In contrast
to the sec61-101 mutant, the elFSA mutant rif51A-1
expressing an SSCPY-Ura3 reporter cannot grow in the
absence of uracil, indicating that the posttranslational
translocation pathway is intact in these cells. These results
demonstrate that e[FSA does not play a role in the post-
translational translocation of proteins into the ER.

Next, we asked whether eIFSA is necessary for the
cotranslational translocation pathway. We used the vacu-
olar dipeptidyl aminopeptidase B (DPAP B) as a reporter
because this protein is exclusively translocated via the
cotranslational SRP-dependent pathway (Ng et al. 1996). In
the wild-type strain, DPAP B is targeted to the ER and
undergoes several N-glycosylations, which increase its
molecular weight from 93 to 120 kDa (Fig. 2). In contrast,
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Fig. 3 Genetic interactions
occur specifically between
elF5A and cotranslational
translocation factors. a A
simplified scheme for protein
translocation into the ER via the
cotranslational (SRP-dependent)
and the posttranslational (SRP-
independent) pathways. The
proteins in the black boxes,
Sec65, Sec61 and Sec62, were
assayed. b The genetic
interactions between tif51A-1
and either sec65-1, sec61-2 or
sec62-ts. The indicated double
mutant strains harboring
TIF51A (pSV138 or pSV146) or
the empty vector (pSV59 or
pSV60) were plated onto SC-
leu,-ura (growth control) and
SC+5-FOA media and grown at
the permissive temperature

(25 °C) for 3 days. ¢ Rescue of
the temperature-sensitive
phenotype of the #if5/A-1 by
overexpression of the SRP
complex. Tenfold serial
dilutions of the wild-type
(SVLS82) and rif51A-1 (SVL14)
strains, either harboring all of
the SRP complex components
(pVZ1359+pVZ1360) or
harboring empty vectors
(pSV364+pSV374), were
plated onto SC-leu,-ura and
grown at both the permissive
(25 °C) and the restrictive
temperatures (37 °C) for 3 days

cotranslational
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in the sec61-101 mutant, the targeting of DPAP B to the
ER is inefficient, and no mature form of the protein is
observed (Fig. 2). The elFSA mutant #if5/A-1 showed a
defect in maturation of DPAP B, comparable to that seen in
the sec61-101 mutant (Fig. 2). Considering that the CPY
targeting is correct in the tif5/A-I mutant, these results
suggest that e[F5A function is necessary specifically for the
cotranslational translocation of proteins into the ER.
Since cotranslational translocation is coordinated with
the elongation step of protein synthesis (Mason et al. 2000;
Brodsky 1998) and because eIFSA mutants show a general

defect in translation elongation, we next tested whether
another translation elongation mutant might also display a
defect in the cotranslational translocation pathway. We
used DPAP B to assess the translocation abilities of a strain
harboring the elongation factor 2 (eEF2) dominant-nega-
tive mutant efr2°°’% The protein eEF2 is a canonical
translation elongation factor, and the efr2°*° mutant
strain exhibits impaired elongation of polypeptides during
protein synthesis, a phenotype shared with e[FSA mutants
(Dias et al. 2008, 2012; Gregio et al. 2009). As observed in
the right-most lane of Fig. 2, similarly to wild-type cell,

@ Springer



650

D. Rossi et al.

DPAP B is correctly targeted to the ER in the efr2/0%°K

mutant. This result strongly suggests that the involvement
of elF5A in the cotranslational translocation pathway is
specific and not merely a consequence of a general block in
the elongation step of protein synthesis.

elF5A interacts genetically only with factors
in the cotranslational translocation pathway

To confirm the functional relevance of elF5A for the cel-
lular secretory pathway, we searched for genetic interac-
tions between elF5A and translocation factors. As depicted
in Fig. 3a, we chose the genes of factors that are essential
for the cotranslational translocation pathway (SEC65) or
for the posttranslational pathway (SEC62) and the primary
translocon component (SEC61), which is essential for both
pathways.

We first tested the effect of combining mutants of the
translocation factors described above and the eIF5A mutant
tif51A-1 in a single haploid strain. Interestingly, we
observed a growth defect at the permissive temperature
(25 °C) in the double mutant strains carrying tif5/A-1 and
either sec65-1 or sec61-2 (empty vector), but no defect was
noticed in the double mutant #if5IA-1 sec62-ts (empty
vector), when compared to the wild type (TIF51A). This
genetic assay shows a synthetic sick genetic interaction
only between #if5IA-1 and the mutants affecting the
cotranslational pathway, sec65-1 and sec61-2 (Fig. 3b).

In cotranslational targeting, binding of SRP to the signal
peptide is a limiting step. Because of this fact, and because
of the greater quantity of ribosomes in a cell than SRPs
(Ogg and Walter 1995), we next tested whether an over-
expression of genes coding for all SRP components would
rescue the growth defect of the tif51A-1 mutant at the
restrictive temperature. As shown in Fig. 3c, the overex-
pression of SRP does cause a partial rescue of the growth
defect.

Together, these results further support the idea that the
function of eIF5A is important for the cotranslational tar-
geting of proteins to the ER.

Blocking eIF5SA activation increases the levels
of stress-induced chaperones

The functional correlations between eIF5A and the
cotranslational pathway described herein are very similar
to those reported for Rpl25-GFP. The ribosomal protein
L25 (Rpl25) is an important mediator of the ribosome
interaction with SRP (Halic et al. 2004, 2006), and a strain
expressing an Rpl25-GFP fusion protein has defects in the
cotranslational translocation but not in the posttranslational
pathway (Dalley et al. 2008). In addition, some stress-
induced chaperones are up-regulated in the Rpl25-GFP
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Fig. 4 Loss of eIF5A function causes the up-regulation of stress-
induced chaperones. a Differentially expressed chaperones identified
by mass spectrometry in 2D-DIGE proteomic maps of dysI-/ mutant
(SVL614) compared to its isogenic wild-type strain (SVL613) after
growth at 25 °C. Each bar represents relative staining intensities of
chaperones Hsp31, Ssel, Ssb2 and Ssal from 2D-gels of biological
triplicates (data not shown). b The genes encoding the same up-
regulated chaperones are transcriptionally regulated by the transcrip-
tion factor Hsfl, according to the confirmed or potential motifs
indicated (YEASTRACT Database)

strain (Dalley et al. 2008), a phenotype reminiscent of SRP
dysfunction in the cell (Arnold and Wittrup 1994; Mutka
and Walter 2001). To verify if the loss of function of e[FSA
also triggers an up-regulation of stress-induced chaperones,
we looked for these proteins in 2D gel-based proteomic
maps of e[F5A-defective mutants (data not shown). How-
ever, the eIFSA mutants described so far need a tempera-
ture shift to exhibit the defect in elF5SA function, which
also induces heat-shock responses and alters the expression
of chaperones, compromising this analysis. Instead, we
used the deoxyhypusine synthase mutant dys/-I, which
shows a 60 % reduction in hypusine-containing eIF5SA at
permissive temperature. Besides, even under permissive
growth condition (25 °C), the dysI-1 mutant shows defects
of translation (total protein synthesis and polysome profile)
that are identical to the eIF5A mutants at their restrictive
temperature (Galvao et al. 2013).

Among the five chaperones identified in our 2D-DIGE
experiments, we found that the stress-induced chaperones
Hsp31, Ssel, Ssb2 and Ssal were up-regulated in the dys!-
1 mutant when compared to the wild type (Fig. 4a). Stress-
induced chaperones become up-regulated in response to the
accumulation of unfolded proteins in the cytosol, and the
Hsf1 transcription factor is determinant for their induction
(Sorger 1991; Albanese et al. 2006). Figure 4b shows the
information on Hsfl regulation as well as the Hsf1-binding
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Fig. 5 eIF5A is important to

the binding of the ribosome-
nascent chain complex to SRP.
a The wild-type (SVL82),
Rpl25-GFP (VZL1246) and
tif51A-1 (SVL14) strains were
grown to mid-log phase at the
permissive temperature (25 °C)
and then shifted to 37 °C for

3 h. The total extract (T),
supernatant (S) and pellet

(P) from a

256,000x g centrifugation were
immunoblotted against Hxk1,
RplS5, Sec65 and elFSA using

a WT Rpl25-GFP tif51A-1
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motifs that are present in the promoters of the genes coding
for Hsp31, Ssel, Ssb2 and Ssal. Therefore, our results
examining stress-induced chaperones in the eI[FSA mutant
are also very similar to those observed for the Rpl25-GFP
strain (Dalley et al. 2008) and SRP mutants (Arnold and
Wittrup 1994; Mutka and Walter 2001), and they again
support the concept that eIF5A functions during the
cotranslational targeting of proteins to the ER.

elF5A is important for the binding of SRP
to the ribosome-nascent chain complex

Because eIF5SA binds to ribosomes and has an essential
function during translation elongation (Zanelli et al. 2006;
Jao and Chen 2006; Gregio et al. 2009; Saini et al. 2009),
we also tested whether eIF5A depletion interferes with the
binding of ribosome to SRP. We used a strategy of ultra-
centrifugation to purify the ribosomes, which allows for the
co-purification of bound SRP (Frey et al. 2001; Dalley
et al. 2008). For this experiment, we also included Rpl25-
GFP, which has decreased association of ribosomes with
SRPs (Dalley et al. 2008). Therefore, the total cell extracts
(T) were separated into postribosomal supernatants (S) and
ribosomal pellet fractions (P) by ultracentrifugation. The
quantity of purified complexes was detected by blotting the
ribosomal protein LS (Rpl5) and the SRP subunit Sec65.
Samples were also blotted for the cytosolic hexokinase

Rpl25-GFP tif51A-1

Hxk1 and eIF5A. As shown in Fig. 5a, all pellet fractions
(P) contained ribosomes (Rpl5) and SRP (Sec65) com-
plexes, which were absent in the supernatant fractions (S).
On the other hand, Hxkl was present only in the S frac-
tions, as expected. The depletion of elF5A in the tif51A-1
mutant was also seen in all fractions, compared to the wild-
type strain (Fig. 5a). Because the presence of Sec65 in the
P fractions is dependent on ribosome precipitation, we
quantified and normalized the amount of Sec65 relative to
Rpl5 (Fig. 5b). In comparison to the wild-type strain, we
observed the known defect in the Rpl25-GFP strain in the
binding of RNCs to SRPs (Dalley et al. 2008). Similarly,
the eIF5A mutant #if5/A-1 demonstrated a decreased
association between ribosomes and SRPs.

These results are consistent with the defects observed in
the cotranslational translocation pathway of eIFSA mutants
and with the genetic interactions between eIF5A and
cotranslational translocation factors. Furthermore, our data
suggest that the primary function of eIF5A in the translo-
cation of proteins during translation is the efficiency of
binding of SRP to elongating ribosomes.

To our knowledge, this is the first study showing that a
translation factor has been directly linked with the function
of SRP in targeting the RNC to the ER. Additionally, this
discovered link between the function of eIFSA in the
ribosome and SRP binding to the RNC supports the
hypothesis that eIF5A acts differentially in the translation
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of a specific subset of mRNAs, although the loss of eI[FSA
function ultimately induces general defects in translation
elongation (Zanelli and Valentini 2007; Park et al. 2010).

It is important to note that the eIF5A structural homolog
EF-P has recently been shown to function preferentially in
the translation of proteins containing poly-proline tracts
and other amino acid motifs, such as YIRYIR (Ude et al.
2013; Doerfel et al. 2013; Hersch et al. 2013). However,
not all of the proteins containing these motifs are decreased
in a Salmonella strain deficient in EF-P, suggesting that the
role EF-P plays in the translation of specific proteins is
more complex than was initially determined by an analysis
of poly-proline tracts (Hersch et al. 2013). Interestingly,
several proteins identified as more dependent on EF-P for
their translation are related to membrane integrity and
motility (Bullwinkle et al. 2012; Hersch et al. 2013), which
require a number of proteins that are translocated in an
SRP-dependent manner (Zhang et al. 2012). It remains to
be determined whether eIFSA also affects translation in an
amino acid tract-dependent manner similarly to EF-P and
whether this is correlated with SRP-dependent translation.
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