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Abstract

The solution structure of the C-terminal domain of the yeast Poly(A) Binding Protein (yPABC) was

determined by NMR spectroscopy. The tridimensional fold is similar to that previously observed

for the human isoform, except for a missing N-terminal alphahelix out of the five helices expected

in total. A series of putative binding partners was identified in public databases, based on a

consensual interaction motif that we formally defined as being S-X-L-[NS]-X-[ND]-A-X-E-F-X-P.

However, no putative binding partner could be found that would match this pattern in S.Cerevisiae.

Phylogenetic modeling tends to indicate that such an interacting domain might not be a

fundamental part, if existing at all, of PABC function.

A tridimensional model of each of the remaining twenty PABC orthologs was generated: the

overall fold of five consecutive helices seen in human PABC is weIl conserved, in contradiction

with recently published modeling studies based on the crystal structure of the homologous PABC

domain from HYD, which predicts only four helices.
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Résumé

La structure en solution du domaine C-terminal de la Poly(A) Binding Protein de levure (yPABC) a

été déterminée par spectroscopie RMN. La structure tridimensionnelle est proche de celle deja

observée pour la version humaine, à la différence près qu'une hélice N-terminal sur les cinq

attendues est manquante. Une série de partenaires d'interaction possibles a été identifiée sur les

bases de données publiques en se basant sur le motif consensuel d'interactions dont la nature a été

formellement définie comme de type S.,X-L-[NS]-X-[ND]-A-X-E-F-X-P. Cependant, aucun

partenaire potentiel n'a été trouvé pour yPABC. Des études phylogénétiques tendent à montrer que

chez les levures, l'essentialité voire l'existence d'un tel motif est peu probable.

Un modèle tridimensionnel a été généré pour chacun des vingt autres orthologues de PABC connus

à ce jour: la structure générale du domaine en cinq hélices consécutives est bien conservée, en

contradiction avec des résultats de modélisation récemment publiés et basés sur la structure

crystalline d'une proteine homologue, HYD, qui ne leur en accorde que quatre.
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Chapter 1: Introduction

The only good is knowledge and the only evil is ignorance.
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-Socrates



1.1 Introduction to translation:

Elucidation of the detailed molecular mechanisms of protein synthesis is essential for

understanding translational control. Translating the ribonuc1eic code into functional proteins is a

fundamental process that is subject to many regulatory interactions. Three distinct steps are used to

describe the translational process: initiation, elongation and termination. Considerable advances

have been made in the past few years in the refinement of our knowledge of the assembly pathways

and tridimensional structures of key components of the translation machinery (Wimberly et al., 2000).

The process of translation initiation has been extensively studied since the late 1960s,

primarily through biochemical, in vitro studies that relied on radiolabeled amino acids and

fractionated lysates (Brawerman, 1969) and led to the identification of most of the two hundred or so

macromolecular components of the translation apparatus that are now known.

1.1.1 Translation in eukaryotes

Translation in eukaryotic ceUs is both very close and very different from prokaryote

translation. Similarities range from the dissociation of the ribosome into ribosomal subunits, the

assembly of a preinitiation complex on the small ribosomal subunit, the common use of the AUG

initiation codon, the use of an initiator tRNAMet
• However, eukaryotic initiation relies much more

on protein-protein and RNA-protein interactions, whereas prokaryotes are more dependent on
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RNA-RNA interactions. In eukaryotes, protein translation is spatially and temporally separate from

transcription, while these events are linked in prokaryotes. In eukaryotes, additional steps are

present as messenger RNAs Tirst synthesized in the nucleus must be spIiced, capped,

polyadenylated and exported to the cytoplasm through the nuc1ear pores before they are translated

into proteins.

Another major difference lies in the recognition of the initiation codon. Rather than looking

for a Shine-Dalgarno sequence and binding through mRNA-rRNA interactions, a scanning model

(Kozak and Shatkin, 1978) has beenadopted in eukaryotes. A fundamental element is the presence of a

m7G-cap at the 5' end of the messenger RNA, which acts as an assembly point for the ribosome

with the binding of the small 40S subunit. Although this 5' cap has been shown tobe non-essential

(Gunnery and Mathews, 1995), the greater its accessibility, the higher the efficiency of translation. The

40S subunit then scans downstream until a translation initiation codon is identified, preventing in

theory any sort of polycistronic activity (since an mRNA has only one 5' terminus). An alternative,

albeit less common initiation mechanism has been identified in eukaryotes, often involving viral

RNA, and involves the direct binding of the 40S subunit to an InternaI Ribosome Entry Site (IRES)

at or just upstream of the initiation codon (Pyronnet et aL, 2000; Sachs, 2000). Another difference in

mechanisms between pro- and eukaryotic systems is the extra complexity due to the regulation in

eukaryotes by numerous phosphoprotein initiation factors (reviewed in (Browning, 1996).

1.1.2 Initiation step
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Translation initiation (Fig.1) is a key point in regulating mRNA translation, and is usuaHy

divided into three further different steps: (i) How the initiation codon is recognized; (li) How the

initiation factors interact with the initiator tRNA, mRNA and small ribosomal subunit; (ih) How

the largest ribosomal unit joins to form a complex capable of elongation.

The nature of the initiation codon is nearly undisputed, being predominantly AUG in

mammalian ce1ls (and on rare occasions, GUG and UUG) and exclusively AUG in yeast. !ts

proximity to the 5' untranslated region (UTR) as weil as the sequence surrounding it (at least in

mammalian cens) play a dominant role in its selection. Scanning ribosomes that encounter a start

codon with a unfavourable environment may pass over it and keep going until they find a more

suitable one, which can be interpreted as a mean of regulating a more downstream AUG. This

phenomenon, dubbed "leaky scanning", can lead to two proteins being translated, either with one

being shorter than the other or, if the reading frames are shifted, with totaUy different sequences

(Kozak, 1991). However, when two AUG codons are placed one after the other with the same

favourable enviromnent, it is the first codon that is strictly considered for initiation, indicating that

the 40S subunit goes along the mRNA in a linear manner (Kozak, 1995). Non-linear scanning has

been postulated to occur in very particular cases, such as heat shocked ceUs or ceUlines infected by

adenoviruses (Yueh and Schneider, 1996).

The length and above an secondary structure of the 5' UTR is therefore essential to

translational efficiency: shortening and Iengthening of this 5' UTR lead to a decrease and an

increase of translationai efficiency, respectively (Kozak, 1991). Experiments aiso support the
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hypothesis that 40S ribosomal subunit enter at the 5' end of the mRNA, most notably since

eukaryotic ribosomes are unable to bind to circular forms of synthetic mRNAs (Kozak, 1979) and that

ribosome binding is inhibited when a base-paired structure or a repressor protein blocks the 5' end

of the mRNA (Paraskeva et aL, 1999).

The methylated cap structure m7GpppN (where m is a methyl group, p stands for phosphate

and N for any nucleotide type) appended to the 5' end of all cellular mRNA is required for efficient

translation but is not absolutely required, as ühlmann and colleagues showed (Ohlmann et a1., 1995).

However, ribosomes remain dependent on the presence of a 5' structure when it cornes to binding

the mRNA (Kozak, 1979). Thus, the methylated cap holds sorne important functional properties: it

affects RNA splicing, transport, stabilization and translation (Horikami et a1., 1984; Lo et al., 1998). Its

main purpose in the initiation process consistsof recruiting a ternary complex eIF4F. Within it,

and after eIF4A has unwound any secondary structures in the 5'UTR, the small ribosomal subunit

(40S) is directed onto the RNA, mainly through interactions with eIF4G.

14



eEF1A

Figure 1: Mechanism for translation initiation. See text for details. Taken from Gingras et al

(Gingras et aL, 1999).
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1.1.2.1 The poly(A) tail, 40S subunit recruitment and mRNA stability

To bring things into perspective, a brief review of mRNA polyadenylation might be useful.

The majority of eukaryotic rnRNAs possess a 3'poly(A) tail, which ranges from 50 to 250 bases in

yeast and higher eukaryotes, respectively (Jacobson and Peltz, 1996), and whose main purpose is to

help circularize the mRNA in the ribosomal machinery: extensive work on this has been performed

by Steitz and coworkers (Moore and Steitz, 2002), allowing us to get a clearer structural idea of what is

happening. The length of the tail is not encoded in genes, but is rather added to nascent rnRNAs

shortly after transcription, through a process involving site-specifie cleavage and subsequent

poly(A) polymerase-directed addition of nucleotides (Wahle and Keller, 1996). Polyadenylation is

regulated by the presence of an AAUAAA sequence as weIl as a Cytoplasmie Polyadenylation

Element (CPE), which interact with a variety of elements, six of which are known to date. Three

are considered "core" factors : the poly(A) polymerase, the cleavage and polyadenylation

specificity factor and the CPE-binding protein. A more complete description of the 3'-end

processing can be found in Wahle (Wahle and Ruegsegger, 1999). Finally, the rate at which the tail is

removed correlates well with rnRNA decay rates.

In the late 1980s and early 90s, the poly-A tail was shown to be capable of stimulating

initiation in amphibian oocytes, and that in yeast the Poly(A) tail Binding Protein (PAB IP) is a

70kDa highly conserved protein with four RNA recognition motifs (RRM). Multiple copies of

16



PABIP coat the poly(A) tai!, and are required for efficient mRNA translation (Tarun and Sachs, 1996;

Tamn and Sachs, 1995). Moreover, a definite synergism exists between the cap structure and poly(A)

tail. The poly(A) tail is involved in the binding of the 40S small ribosomal subunit to the mRNA

and PAB IP deficiency results in alterations of the assembly and structure of the 60S subunit. Thus,

both parts of the ribosome are targeted by the 3' end of the messenger RNA, although through

separate processes (Tamn and Sachs, 1995). The influence and role of PAB IP is discussed below.

1.1.2.2 Associatedfactors

The 40S and 60S ribosomai subunits come from the dissociation of the 80S ribosome, in a

process thought to be activated by eukaryotic Initiation Factors eIF3 and eIFIA, which bind to 40S

and prevent it from further association with 60S through steric effects. Allosteric changes in the

small subunit, upon binding of eIF3, are an alternate explanation (Srivastava et al., 1992). eIF6 has

also been shown to bind to the large subunit and prevent its association with the 40S subunit, but its

ribosomal status has recently been questioned, as it appears it could have more to do with 60S

biogenesis and stability (Si and Maitra, 1999). Other factors of interest are listed in Table 1. eIFIA is

a small, stable and essential protein, one of the most conserved of aH initiation factors: the

mammalian and yeast isoforms can substitute for each other (Wei et al., 1995). Interacting with

eIF5B, both the mammalian and yeast proteins may occupy the tRNA binding A site on the 405

ribosome. eIF3 is by far the largest mammalian factor, and contains at least eleven subunits. A
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sirnilar cornplex also exists in plants, and a smaller one in yeast, but no complete structure has been

determined so far. Most of the other initiation factors seern to be interacting with eIF3 at sorne

point (Bandyopadhyay and Maitra, 1999; Fletcher et al., 1999). eIF4 is a cornplex involved in helicase

activity (eIF4A), recognition of the 5' cap structure (eIF4E), and bridging of the rnRNA and

ribosome as well as rnRNA circularization through interactions with the Poly(A) Binding Protein

(eIF4G) (Gingras et al., 1999).

18



Table 1: Initiation factors from mammalian, plant and yeast cellsa

Mamma1sb P1antsb Yeastb

Name mass acc.# mass acc.# mass acc.# %IDC Function

(!cD) (lcD) (lcD)

eIF1 12.6 L26247 12.6 AC005287 12.3 M77514 58 AUG recognition

eIFIA 16.5 L18960 16.6 AC006951 17.4 U11585 65 Met-tRNA binding to 40S subunit

eIF2o: 36.2 J02646 41.6 AF085279 34.7 M25552 58 Mfects eIF2B binding by phosphory1ation

eIF2~ 39.0 M29536 26.6 AL162351 31.6 M21813 42 Binds to EIF2B, EIF5

eIF2y 51.8 L19161 50.9 AC002411 57.9 L04268 71 Binds GTP, Met-tRNA; GTPase

eIF2Bo: 33.7 U05821 39.8 AC016529 34.0 M23356 42 Nonessential; helps recognize P-eIF2

eIF2B~ 39.0 U31880 43.6 AC0l2395 42.6 L07116 36 Binds GTP, helps recognize P-eIF2

eIF2By 50.4 U38253 65.7 X07846 GEF activity

eIF2Bô 57.8 Z48225 29.4 AC012395 70.9 X15658 36 Binds ATP, helps recognize P-eIF2

eIF2BE 80.2 U19511 81.9 AC004238 81.2 L07115 30 GEF activity

eIF3 Multi-subunits (11) complex - see (Hershey et al., 2000) for details

eIF4AI 44.4 X03039.1 46.7 AB019229 45.1 X12813 65 ATPase, RNA helicase
eIF4AII 46.3 X12507.1 46.8 AC005287 44.6 X12814 ATPase. RNA helicase

eIF4B 69.3 S12566 57.6 AF021805 48.5 X71996 26 Binds RNA; stimulates helicase

eIF4E 25.1 M15353 26.5 ALll0123 24.3 M21620 33 Binds m7G-cap of mRNA
eIF4GI 171.6 AF104913 153.2 107.1 L16923 22 Binds eIF4E, 4A, 3, PABP-RNA

eIF4GII 176.5 AF0120n 176.5 103.9 L16924 21 Binds eIF4E, 4A, 3, PABP-RNA
eIF5 48.9 L11651 48.6 AC007576 45.2 L10840 39 Stimulates eIF2 GTPase
eIF5B 139.0 AF078035 97.0 L29389 70 GTPase; promotes junction reaction

a Taken from (Hershey et al., 2000).

b The masses and accession numbers are from human (or rat), Arabidopsis thaliana, and Saccharomyces cerevisiae proteins. ünly one of the numerous isoforms

from the plant proteins was arbitrarily chosen and indicated. A complete listings can be found in (Browning et al., 1996).

C %ID, percent sequence identity shared by yeast and mammalian proteins.



1.1.2.3 tRNA binding to 40S, 405 binding to mRNA, scanning and 60S binding

Protein synthesis is initiated through the binding of a methionine-tRNA to eIF2-GTP (GDP

inhibits complex formation). One feature of eIF2 is the ability to differentiate this initiator tRNA

from the elongator tRNAs, by recognition of the methionyl residue. This ternary complex binds the

40S small ribosomal subunit to form a preinitiation (or 43S) complex; it is interesting to note that

met-tRNA binding ot:curs prior to mRNA and/or 60S binding (Chaudhuri et al., 1997; Smith and Henshaw,

1975). eIF2 leaves the ribosome after GTP hydrolysis. The m7G-cap is recognized by eIF4E as

mentioned earlier, thus commiting the ribosomal complex to mRNA binding. eIF4F, through ils

eIF4A helicase, also commits itself to unwinding any secondary structure in the bound messenger

RNA. eIF4F is then free to interact with eIF3 (bound to the 408 subunit), bringing the mRNA and

ribosome in contact through a protein bridge (Hershey and Merrick, 2000). The ribosome then scans

down the length of the mRNA until it finds a start codon in a favourable context. The questions of

how the ribosome travels, at what rate, and if it is a strictly energy-dependent process, have not yet

been solved. Evidence supporting the scanning mechanism cornes from a series of experimental

results: (i) if an AUG codon in inserted between the 5' cap and the native initiator codon, the former

is used as a start site, and (ii) RNA secondary structure or chemical modification at the 5' end block

40S binding to the mRNA and subsequent localization of the start codon (Hershey and Merrick, 2000).

Since the initiator Met-tRNA is already bound to the scanning 40S small ribosomal subunit,

recognition of the AUG initiation codon occurs through tRNA-mRNA codon-anticodon
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interactions. As explained above, context plays an important secondary role: leaky scanning, where

the first AUG encountered is bypassed, can result from a poor environment. A more downstream

codon, in a stronger context, will then be selected by the translational machinery. AIso, initiation

factors do play a particular role, since mutations in eIFl, eIF5 or eIF2 can lead to initiation at UUG

codons (Donahue et al., 1988). Upon GTP hydrolysis by eIF5B and the release of aH other initiation

factors, the 60S large ribosomal subunit can bind to form the 80S ribosome (Pestova et al., 2000).

1.1.3 Elongation step

Protein biosynthesis has been weIl studied and the subject of many books (Hill et al., 1990;

Nierhaus et al., 1993; SoU and RajBandhary, 1995). In the recent years, the prokaryotic elongation cycle

has been favoured in biochemical studies. The structure of the major elongation factor EF-Tu, as

weIl as that of ribosomal subunits (50S, 30S and even the full 70S ribosome) and many individual

protein subunits have been elucidated (Ramakrishnan, 2002). These give us a good picture of what is

happening during the process of protein synthesis (Cate et al., 1999; Krab and Parmeggiani, 1998; Wimberly

et al., 1999). Fortunately, it is possible to extrapolate much about eukaryotic elongation from what is

already known in prokaryotes. With the exception of Elongation Factor 3 (EF3) found in yeast

(Kovalchuke et al., 1998), aU eukaryotic factors are related to prokaryotic homologs: EF-la (eEF-IA),

EF-l ~î' (eEF-IB) and EF-2 correspond to the bacterial EF-Tu, EF-Ts and EF-G (Riis et al., 1990).

Although EF-IA and EF-2 appear to be weIl conserved, the eukaryotic factors are about 30%
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longer than their prokaryotic counterparts (Cavallius et aL, 1993). Electron cryomicroscopy has also

revealed the 25À structure of a complete mammalian ribosome (Dube et aL, 1998). Amino acids are

sequentiaUy added enta the growing peptide chain based on the order given by the template

mRNA. During elongation, a ternary complex, comprising EF-IA, GTP and acylated tRNA is

formed and enters the ribosome's A-site, binding the messenger RNA through codon-anticodon

interactions. Upon recognition, GTP hydrolysis leads to EF-IAeGDP release. Peptidyl transferase

immediately catalyzes the formation of a peptide bond between the amino-acids on the P and A

sites. EF-IA is regulated both through phosphorylation that impairs its activity, and through

regulation of its expression level. GTP hydrolysis is favored by the guanine nucleotide exchange

factor EF-IB, which is thought to be complexed with EF-IA. Surprisingly, none of its constituents

is in anyway phylogenetically related to EF-Ts: no sequence homology can be found, although they

clearly fill the same function. Once the peptide bond between A and P residues is created, eEF-2

intervenes and shifts the peptidyl-tRNA out of the A site and towards the P site in a GTP-dependent

manner, while the deacylated tRNA goes to an exit (E) site. By displacing the acylated tRNA on to

the P site, eEF-2 also favors a shift of the mRNA by exactly three codons. EF-3, which is only

found in yeast, is less weIl studied but seems to contribute to the release of the deacylated tRNA

from the ribosomal E site, using ATP as a substrate.
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1.1.4 Translation termination and ribosome recycling

Compared to translation initiation, very little is known about the termination of protein synthesis

and the mechanisms that lead to the subsequent reinitiation through the recycling of the ribosomal

machinery. Even though it is weB accepted that in eukaryotes 61 of the 64 codons code for amino

acids and that the three remaining codons (UAA, UAG and UGA) are nonsense or stop codons, this

mIe is not universal among aIl living organisms (Osawa et al., 1992): AUA (isoleucine) and UGA

(stop) code for methionine and tryptophan, respectively, in human mitochondria (Barrell et al., 1979).

However, the general mIes of termination are unaffected by those local evolutionary changes and

can be freely discussed.

The termination of protein synthesis takes place in response to the presence of an antisense

codon in the A site. A heterodimer made up of two distinct types of polypeptide release factors

(RF) is required to properly end elongation: it contains a class l, codon-specifie factor (eRF!), and

a non-specifie class II factor (eRF3) that binds GDP/GTP and stimulates class l factors activity. In

eukaryotes, eRFl recognizes aIl three codons, but this function is devoluted to two distinct factors,

RFl and RF2, in bacteria (Nakamura et al., 2000). Recent evidence in prokaryotes shows that specifie

recognition of anticodons occurs through interaction with a specifie tripeptide within RFl and RF2

(Ito et al., 2000). Song et al. (Song et al., 2000) solved the crystal structure of human eRFl, and revealed

that the overaIl shape and dimensions is similar to a tRNA, with domains 1, 2 and 3 of eRFl

corresponding respectively to the anticodon, aminoacyl acceptor and T- stems. Based on results
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from prokaryotes and the high sequence conservation, it was postulated that a Thr-Ser-Ala

tripeptide in domain 1 plays therole of the anticodon. eRFl enters the A site upon identification of

the stop signal, and through interaction of Gl85 of the conserved GGQ motif (located in a region

equivalent to the aminoacyl location in regular tRNA (Song et al., 2000), triggers peptidyl-tRNA

hydrolysis by the ribosome, releasing the nascent polypeptide chain (Drugeon et al., 1997). The

universal conservation of the GGQ motif in prokaryotes and eukaryotes likely reflects a similar

mechanism.

The rate of peptidyl release can be greatly enhanced by the binding of eRFI-GTP-eRF3

onto the A site; eRF3, a G-protein, triggers GTP hydrolysis to enhance the rate of peptidyl release.

The eRF3 C-terminal domain shows a strong sequence similarity to elongation factor EF-Ia and

prokaryotic elongation factor EF-G, implying their functions may be similar. To date, there is no

archaebacterial equivalent of RF3 known and eRFl is still active in vivo when the eRF3-interacting

region is deleted. eRF3 could act either in activating peptidyl release by eRFl, or perhaps by

working on eRFl ejection and recycling in a RF3 manner, or even in proofreading termination,

since eRFl might have problems discriminating against sense codons by having such a broad

specificity as three antisense codons (Nakamura et aL, 2000). Moreover, eRF3 has been shown to

interact with the C-terminus of PAB IP (Hoshino et aL, 1999; Kozlov et al., 2001). In yeast, the eRF3

gene was first identified as a nonsense suppressor (SUP35 and SUP2) (Hawthorne and Leupo1d, 1974).

When overexpressed, yeast eRF3 leads to a non-mendellian inheritance which is due to protein

aggregation [psi+] (Santoso et al., 2000). This phenomenon has been extensively studied as a yeast
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model system for prions. More biochemical evidence will be needed before the breadth of

functions and processes in which eRF3 is implicated will be elucidated.

WhiIe the ribosomes that reach a stop codon may undergo a conformational change to

expose the A site to RF interaction, the mRNA sequence downstream of the antisense codon is also

important for termination efficiency. The nucleotide context is not random, particularly for genes

that are highly expressed. The identity of the base immediately following the stop codon (+1) is

most strongly biased, but the bias can reach as far as position +6 (Namy et al., 2001). The stop codon

should therefore be considered at least like a tetranucleotide, the nature of the fourth nucleotide

determining the efficiency of termination: from most efficient to least efficient termination, it was

found to be G> U,A > C in UGA and UAA, while for the UAG codon it was U,A > C > G (Bonetti

et al., 1995). Strong termination is particularly important in genes that are highly expressed. On the

other hand, viral proteins that require extended synthesis have a use for codons in a weak context,

as it allows for expression of different proteins from the same RNA strand (Bertram et al., 2001).

Upstream context is also important, although less so in eukaryotes than prokayotes. A nurÎlber of

non-essential trans-acting factors, like for instance the UPF genes, can also have an influence on

translation termination efficiency, and are reviewed in Czaplinski (Czaplinski et al., 1999).

The steps following peptide hydrolysis were investigated mostly in E.coli and could differ

in eukaryotic organisms, particularly since bacterial transcripts are polycytronic, thus requiring a

different mechanism for ribosome dissociation and recycling. Upon release of the nascent

polypetide chain, the ribosome is left in complex with deacylated tRNA (in the P site), eRFlIeRF3
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(in the A site), and the mRNA strand. The ceIl still has to perform efficient recycling of the

ribosome in order to complete new rounds of protein synthesis. The GTPase activity of eRF3 is

thought to favor the dissociation of the eRFl/eRF3 complex from the A site. It has also been

postulated than eRF3 could act as sorne sort of hybrid between RF3 and the Ribosome Releasing

Factor (RRF), whose purpose it is to help dissociating the complex, in order to perform ribosome

dislocation (Buckingham et al., 1997). In vivo, foIlowing termination and in the absence of RRF,

prokaryote 70S ribosomes remain on the rnRNA and scan untü they find a new initiation codon

anywhere between 17 and 45 nucleotides downstream (Janosi et al., 1998). Circularization of the

mRNA strand during eukaryotic initiation might also play a role in recycling translation factors

(Wells et al., 1998).
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1.2 The Poly(A) Binding Protein

1.2.1 Generalities

Poly(A) Binding Proteins in the PABP1 family are approximately 70 KDa in mass and

comprised of four highly conserved RNA recognition motifs followed by a long unstructured

region and aC-terminal domain (PABC). The PABP multigene family is distributed on severalloci

in the human genome. Numerous studies have been accomplished since PABP's discovery (Blobel,

1973) and its purification (Baer and Kornberg, 1983). At least three functional isoforms of poly(A)

binding protein exist in humans: PABP1 is ubiquitously expressed, most abundant and the best

studied form. An inducible form, iPABP, which exhibits 77% identity with PABP1, has been

found in T cells and platelets; a third isoform has been found and is testis-specific (FeraI et aL, 2001).

An unrelated protein, PABP2, is found in the nucleus (Wahle, 1991) and mediates the recognition of a

nascent poly(A) tail during elongation.The RRM motif is found in proteins of both bacterial and

eukaryotic origin, indicating that the motif is an ancient and fundamentai element of protein

structure. Individual RRMs are composed of two tandem RNP motifs folded into a beta-sandwich

of 4 beta sheets and 2 alpha helices.

PABP has been found in significant excess (about three foId) over cytoplasmic RNA

(Gorlach et al., 1994), but is also it is also thought to participate in mRNP maturation in the nucleus
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(Afonina ct aL, 1998). Multiple copies of the protein assemble on poly(A) tail via the RRMs to form a

repetitive, higher order complex with an RNA footprint of 27 nucleotides per PABP molecule (Baer

and Kornberg, 1983). AH four RRMs exhibit distinct affinities and specificities for the polyadenylated

tract: domains land 2, whose 3D structure in complex with RNA was solved (Deo et al., 1999), have

been shown to be equal to the whole protein in respect to RNA affinity; domains 3 and 4 have an

approximately ten fold-reduced affinity for poly(A), and cooperate with the C-terminal region to

form a complex on poly(A) with multiple copies of PAEP (Kuhn and Pic1er, 1996). The observation

that RRMl and 3 share homology at Il of 13 RNA-binding residues and RRM2 and 4 share 8 of 9

residues is reconciliated with this difference in affinity for poly(A) by noting that the Hnker

between RRM3 and RRM4 is longer (9 vs 26 residues), thus making binding less efficient than that

between RRM1 and RRM2 (Dca ct al., 1999).

1.2.2 C-terminal domain

The C-terminal quarter of PABP (PABC) became a center of attention when it was

demonstrated that the four RRMs alone were not sufficient for normal growth (Kessler and Sachs,

1998). This C-terminal region holds a strongly conserved domain of 68-72 residues, whose sequence

identity ranges from 54% to 40 and 38% between mammalian, plant and yeast isoforms,

respectively. One of the most divergent features in the various PABC sequences lies with a two

amino acid insertion at position 34 and 35 of the PABC domain in yeast and C.elegans, although
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the biological significance of this sequence divergence is not known. In yeast, PAB 1 is an essential

gene whose deletion leads to inhibition of translation initiation, poly(A) shortening and delay in the

onset of mRNA decay (Arnrani et al., 1997; Sachs, 1990; Sachs and Davis, 1989), but those effects can be

suppressed by mutations that alter the 60S subunit of the ribosome, as weIl as those that inhibit

mRNA decay (Hatfield et al., 1996; Sachs and Davis, 1989; Wyers et al., 2000). Deletion of the C-terminal

motif in yeast containing a PABP-MS2 fusion protein instead of wild-type PABP is lethal (Coller et

al., 1998).

In addition to poly(A) binding proteins, PABC domains also occur in a subclass of ubiquitin

E3 protein ligases that contain a HECT (Homologous to E6-AP C..:.Ierminus) domain. The function

of the PABC domain in these ubiquitin ligases is unknown. The crystal and solution structure of a

PABC domains in a ubiquitin ligase homolog and human PABPI were recently solved (Deo et al.,

2001; Kozlov et a1., 2001). The PABC domain from PABPI is a weB defined, alpha-helical

globular domain made up of five helices, the global shape similar to that of an arrowhead (Fig.2).

Within the arrow is a wel1-defined hydrophobie core, part of which serves for peptide recognition

through stacking interactions.
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Figure 2: NMR structure of human PABC. The arrow-like shape is clearly visible, with helix 1

(bIue) as the tip of the arrow, and helix 5 (red) as its shaft. Taken from (Koziov et al., 2001)
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There is a number of proteins known to interact with PABC domains. Among these are

Pbp1p (Mangus et aL, 1998), which promotes proper polyadenylation, initiation factor eIF4G

(Taron et al., 1997), polypeptide release factor eRF3/GSPT (Hoshino et aL, 1999), Paip1, a

mammalian protein that shows some areas of homology to eIF4G, and Paip2 (both of which are

unique to metazoans), cleavage factor lA ( (Minvielle-Sebastia et al., 1997), aCP mRNA

stability protein (Wang and Kiledjian, 2000), as weIl as rotavirus nonstructural protein 3 (NSP3)

(Deo et aL, 2002) and potyvirus RNA-dependent RNA polymerase (Wang et aL, 2000). The

range of functions of these proteins is pretty wide: from premessenger RNA 3' formation and

polyadenylation (CHA and Pbp1p), to endoribonuclease regulation and rnRNA stability (aCP

and eRF3), rnRNA circularization and translational activation (eIF4G and Paipl) or repression

(Paip2). Both Paipl and Paip2 interact with PAEP1, but Paip2 competes with Paip1 for binding

to PABP (Khaleghpour et al., 2001). Paipl has been shown to contain two distinct binding sites

for PABP: PAM2 (for PABP interacting Motif 2) is a large C-terminal acidic amino acid rich

region that interacts with RRMI and RRM2 from PABP, while PAM2 is a 12-15 amino acid

stretch residing in the N-terminus portion of Paipl and that is specifie to PABP's C-terminal

domain (Roy et al., 2002). Interaction of PABC with Paip1leads to a 40-fold increase in eIF4F

cap-binding, showing a role for PABP in rnRNA circularization (Luo and Goss, 2001). PABP

thus contributes to mRNA stability in a poly(A) independent manner (Coller et al., 1998),

probably through its interaction with eIF4G-eIF4F that contributes to "protect" the S'-cap from
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degradation. Besides, PABP also has its own task of delaying mRNA decay, by inhibiting

indirectly the assernbly of a 3'-to-5' exonuclease (Ford et al., 1997).
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1.3 Objectives:

The Poly(A) Binding Protein is an important part of the translational machinery and

mRNA biogenesis in eukaryotes; its C-terminal domain only now starts to be the focus of

attention, mostly through the role it plays in rnRNA circularization. However, the mechanism(s)

by which proteins interact with PABC is or are not yet fully understood. The tridimensional

solution structure of yeast PABC was determined by NMR spectroscopy and compared to that of

human PABC. To further characterize the interactions at the center of which PABC is found, we

went searching for aIl the putative proteins that held a twelve residue-Iong PABP interactive

motif, and undertook a detailed phylogenetic study of aH PABC orthologs in order to understand

and highlight differences that appeared between lower and higher eukaryotes,most notably

yeasts. Finally, comparative protein structure modeling was used to generate high-quality model

structures for twenty PABP C-terminal domain orthologs. The general fold of the modeled

proteins is comparable to that observed in human PABC, in contrast to previously published

modeling studies based on human HYD, a PABC ortholog.
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Chapter II: Materials and Methods

Perl: the swiss-army chainsaw of UNIX tools.
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Buffers used in protein purification

.. PBS buffer: 50 mM NazHP04 (EM Science, Gibbstown, NJ), 150 mM NaCl (EM

Science), pH 7.25

@ Lysate buffer: PBS buffer lx, 1 mM Phenylmethylsulfonyl fluoride (Sigma Co., St

Louis, MO), 10 mg/ml Lysozyme (ICN Biomedicals, Aurora, OH), lA mM ~-

mercaptoethanol (EM Science) pH 7.0

@ PreScission protease buffer: 50 mM Tris (GibcoBRL, Grand Island, NY), ISO mM

NaCI, 1 mM disodium ethylenediamine tetraacetate (Fisher Biotech, Fair Lawn, NJ),

1 mM Dithiothreitol (BioVectra, Italy), pH 7.0

@ NMR buffer: 50 mM Tris, 300 mM NaCl, pH 7.0

@ M9 (minimal) media for isotopically labelled samples: 6 g of Na2HP04, 3 g of

KH2P04, 0.5 g of NaCI, 0.5 g of 15N-NH4Cl (Isotec, Miamisburg, OH) and 2 g of

13C6-glucose (Cambridge Isotope Laboratory, Andover, MA) for one liter of media.

PAB1P construct

The yeast Poly(A) Binding Protein C-terminal domain, residues 491 to 577 (gi417441)

was subcloned from S. cerevisiae genomic DNA (kind gift from Dr. Malcom Whiteway), PCR

amplified by Nadeem Siddiqui, cloned into vector pGEX-6P-l (Amersham Pharmacia Biotech)
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using BamHI and EcoRI restriction sites, and the PAB IP construct was expressed in E. coli

BL21 Gold (DE3) (Stratagene).

Host expression and sample preparation

An overnight culture was prepared from a single colony of transformed host containing

the PABIP construct. One liter of lx Luria Broth (LB) or M9 Medium was supplemented with

100ug/ml of ampicillin (Fisher), and inoculated with 20 ml of overnight culture. The culture was

vigorously shaken and grown at 37°C until OD6oo = -0.8. The growth temperature was reduced

to room temperature and IPTG was added for a final concentration of 0.5 mM to induce protein

expression. The culture was left for three hours to allow for overexpression of the fusion protein.

The cens were harvested by centrifugation and stored at -20°C.

CeIls were resuspended in 10 ml of lysate buffer for each liter of culture and sonicated

repeatedly to ensure proper destruction of ceIl waUs. Lysed cells were then centrifuged for 25

minutes at 4°C in a Beckman JA-17 rotor, at 21,SOOg. The supernatant was filtered with

Whatman paper and 2 ml of glutathione Sepharose 4B (Amersham Pharmacia) were added. The

mix was left for one hour at 4°C, with occasional gentle mixing. Cell filtrate was then removed,

and the beads were washed with 30 ml of lx PBS buffer, and then 20 ml of PreScission protease

buffer. SOU (2.5U per mg of protein) PreScission protease (Amersham Pharmacia) were added

and the column was stored overnight at 4°C, so that the N-terminai GST tag be cleaved and yield

a 92 residue protein fragment, consisting of the 87 C-terminal residues of PAB IP plus a five
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residue (Gly-Pro-Leu-Gly-Ser) N-terminal extension. The flowthrough containing the cleaved

protein was eollected and an additional 0.5 ml glutathione Sepharose was added to colleet any

remaining GST-tag. After 30 min at 4°C, the flowthrough was eollected and protein

concentration measured at 280 nm.

NMR experiments and structure calculations

To conduet NMR experiments, the sample was resuspended in NMR buffer. Backbone

assignments and solution structure were completed by Guennadi Kozlov. Experiments and

procedures were conducted as previously deseribed in (Kozlov et al., 2001).

Sequence comparison ofPARC domains and phylogenetics

PABC sequences were obtained from an iterative \}'-BLASTP search (Altschul et al.,

1997) of the NCBI non-redundant database with the yPABC sequence (gi417441, residues 490-

563) as query. Iterations were run until no new sequence was reported, and to ensure that aH

possible homologs were found the initial default expected maximal E-value was increased to

1000, while the default starting inclusion threshold for defining the position-specifie score matrix

(PSSM) to the next iteration was increased by two orders of magnitude to land decreased by a

factor of 10 for each new iteration. Unique sequences from distinct orthologous proteins were

then analyzed by ClustalX v1.81 (Thompson et al., 1997) to generate an alignment and

bootstrapped (1,000 replicates) Neighbor Joining (NJ) tree in order to reflect the degree of
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difference and branching between the various orthologs. Alignments were built using either the

PABC domains (1-72) or the whole PABP protein, and unrooted trees were drawn using

TreeView v1.6.5.

To simplify comparisons between different PABC domains, a numbering scheme was

adopted which is anchored on the highly conserved KITGMLLE motif common to aIl PABC

domains. The PABC domain was defined ta begin 37 residues prior to the conserved K38 (or 39

residues prior in the case of S. cerevisiae and C. elegans PABC). The two additional residues

that are unique ta the Saccharomyces and Caenorhabditis proteins were numbered residue 33a

and 33b.

Comparative structure modeling

The comparative modeling program ModeIler v6.1 (Sali and Blundell, 1993) was used for

structural modeling. Modeller computes 3D structure of proteins by satisfaction of spatial

restraints based on an alignment of known related proteins. A 3D model is obtained by

optimization of a molecular probability density function (pdf).

The amino acid sequences of aIl orthologous proteins were aligned against a combination

of template sequences from human (PDB code IG9L), yeast (PDB lIFW) and/or HYD (PDB

1I2T) PABC or PABC-like experimentally determined structures, the two former coming from

NMR data (Kozlov et al., 2001), and the latter from X-ray crystallography (Dea et al., 2001).

Alignments were manually optimized to improve the quality of the automatically generated
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alignments. In cases where identity with one of the templates was 90%, modeling was made

only against this template, as additional templates of lower resemblance would actually lower the

overall aecuracy of the modeling. Twenty successive modelizations were run for eaeh target

protein on a Silicon Graphies Indigo2 10000 Impact, and the best model was picked as the one

with the lowest (most optimized) pdf.

As a mean of comparison, an altemate model was generated using SWISS-MODEL

v3.51, using the NMR structure of human PABC as a template. No manual optimization was

available for this program and default parameters were used.

Evaluation ofgenerated models

AlI generated models were submitted to DALI2 (Holm and Sander, 1993) for comparison

with hPABC, and PROCHECK (Laskowski et al., 1993) was used to check for the overall

stereochemistry and generate the Ramachandran plot of Fig. 10.

1 available on-lîne at http://www.expasy.org/swissmod/SWISS-MODEL.htrnl

2 http://www2.ebi.ac.ukldali/
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PABC binding consensus sequence

Based on the conserved motif (S-X-L-N-X-N-A-X-E-F-X-P) described in (Kozlov et al.,

2001), a <P-BLAST (Zhang et al., 1998) was mn successively using poly(A) binding interacting

proteins (PAIP) 1 and 2 as templates. A second set of iterative searches was then mn based on

proteins that were found in the during the first BLAST, and that exhibited a more loosely

consensual binding motif. Iterations were mn using the same parameters as described earlier (E-

value of 10,000 to compensate for the shortness of the sequence) until no new sequences of

interest could be identified.

Scripts

Scripts written to facilitate file editing and data mining were done in Perl vS.00S_02.
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Chapter III: Results and Discussion

It doesn't matter whether the cat is black or white, as long as it catches mice.
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3.1 Yeast Poly(A) Binding Protein (yPABC)

3.1.1 Purification of yPABC

As shown on Figure 3, the purification process of the yeast PABC from PAB 1P (residues

491-~77) was successful, leading to a final quantity of about 3 mg of protein per liter of LB

medium and 2mg for M9 medium, as measured by absorbance in the 280 nm region. As

expected, the purified protein's MW is in the lOkDa range (10434 Da theoretical weight). The

C-terminal fragment from Saccharomyces cerevisiae PABC was also prepared as an isotopically

labeled, recombinant protein fragment for complete structural studies by NMR spectroscopy at

500 and 750 MHz.

Figure 3: yPABC purification procedure. 12.5% SDS-PAGE. Lanes: 1) Molecular weight
markers; 2) Lysed cells supernatant; 3) GST Column flowthrough; 4) PBS Buffer wash; 5)
Eluted, concentrated cleaved protein.

42



3.1.2 Tridimensional structure of yPABC

The yPABC domain gave excellent quality spectra and its 3D structure could be

determined (Fig 4 A) in our laboratory by Dr Kozlov (Kozlov et al., 2002). The final value of

the backbone Root Mean Square Deviation (RMSD) for the 30 accepted structures (using

residual dipolar couplings) is 0.34À. The overall structure is very similar to that of the human C-

terminus fragment. One notable difference is that when compared to the human isoform the first

N-terminal helix is missing, which gives the protein a fold more similar to the crystal structure of

HYD (Deo et al., 2001); this can be easily explained by the lack of sequence conservation in this

N-tèrminal region. Yeast PABC also contains a two residue insertion (Asn30a and Glu30b)

which partly extends the N-terminal side of helix 3.

The folded domain of yPABC includes approximately 65 residues (res. 502-567 of

PABP1) that resembles a fairly compact cluster of four helicesthat are numbered from 2 to 5 (to

facilitate comparison with the human domain), with a well-defined hydrophobie core consisting

of Leu20, Gly21, Leu24, VaI2S, Ala36, Ile39, Ile43, Leu46, Va151, Phe52, Leu54, Leu55,

Phe61, Tyr65, Ala68 and Tyr72 (Fig 4 B). yPABC differs from structures previously determined

in the presence of a strong 600 bend halfway down the fifth helix, most likely due to the change

Val65 -7 Tyr65 and the steric hindrance coming from the tyrosine side chain. The C-terminus Of

helix 5 is nearly anti-parallel to helix 3, while it is nearly perpendicular to it in HYD and

hPABC. This bend in helix 5 also helps bringing two more aromatie residues (Tyr65 and Tyr72)
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doser to the hydrophobie core, along with F61 whieh replaces the otherwise nearly perfeetly

conserved L61.

A B

Figure 4: (A) Ribbon drawing of the yPABC domain, where the four helices are labeled
according to the hPABC nomenclature. (B) A close-up view of the hydrophobie core of yPABC.

Helices are indicated, as well as the amino acids, in one-letter code. Figures generated using

RASMOL (Sayle and Müner-White, 1995), MOLSCRIPT (Kraulis, 1991), RENDER (Merritt and

Murphy, 1994) and SWISS PDBVIEWER (Guex and Peitsch, 1997).

Comparison of the structural foid of yeast PABC with that of its human and hyperplastic

disc counterparts using DALI (Hoim and Sander, 1993) confirms the first impression that HYD

and yPABC are indeed structurally more similar. The Z-score is a measure of compatibility
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between the predicted energies calculated from the structures. The higher the Z-score, the better

the fit is between two proteins. When comparing hPABC and HYD to their yeast homolog, the

Z-score is nearly three times higher for HYD than for hPABC. Nevertheless, though the two C­

termini are different, higher eukaryotic PABP have been shawn ta be able to substitute for the

yeast protein and allow for cell viability (Chekanova et al., 2001), implying that most of the

protein's activity does not reside in this part.
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3.2 Interaction with the Poly(A) Binding Protein interacting Motif (PAM2)

Interactions of human Poly(A) Binding Protein with two PABP Interacting Proteins

(Paip1 and Paip2) have been described (Gray et al., 2000; Khaleghpour et al., 2001; Roy et al.,

2002). The PABC-like domain of HYD has been shown to bind Paip1 (Deo et al., 2001). The

binding specificity of Paip2 with the C-terminal fragment of human PABP was also assessed by

NMR (Kozlov et al., 2001): addition of unlabeled Paip2 to 15N-Iabeled PABC shifted about half

of the 15N_1H correlation peaks, indicating the formation of a Paip2-PABC complex. When a

peptide derived from the 16-residue long portion of Paip2 that has been identified by deletion

mutagenesis studies to be responsible of interactions with PABC (Khaleghpour et al., 2001) was

added to PABC, the same spectral changes resulted. Experiments with peptides from two other

PABP-binding ptoteins (Paip1 and a human release factor hRF3) gave similar results.

Binding of Paip occurs on a surface between helices 3 and 5 and extending towards helix

2. There is a deep hydrophobie pocket between helices 2 and 3, bounded by Phe22, Ile25, Ala

33, and residues 34-38 of helix 3. The presence of numerous residues with small but significant

chemical shift changes indicates the possibility that intramolecular rearrangements occur upon

<}

binding (Kozlov et al., 2001). Not surprisingly, this series of experiments showed that the

stretches of PABC that were most implicated in binding were also amongst the most conserved

ones between an PABC isoforms, particularly the universally conserved KITGMLLE motif in
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helix 3. The 12-residue long Paip2 peptide that is minimal for binding to occur can be

represented with residue 1 being near helix 5 and the aromatic end of the peptide inside the

pocket, near the loop preceding helix 2 (Kozlov et al., 2001).

in the wake of the overaB structure determination, similar experiments to detect peptide

binding by yeast PABC were carried out by Dr Kozlov. Interactions were detected with Paip2

and hRF3, but none occurred with Paipl, despite the strong similarity between the two

sequences, notably the presence of a highly conserved alanine at the middle of C-terminal

phenylalanine motif (F-X-P) that is required for binding (Kozlov et al., 2002). Based on the

sequences of Paip1 and Paip2, a PHI-BLAST (Zhang et al., 1998) search was undertaken using

the non-redundant database at the National Center for BioInformatics (NCBI), and the results of

the search are indicated in table 2. The original pattern was modified to actually retrieve an

Paip1 and Paip2 entries in the Swiss-Prot/TrEMBL database, and the final motif [S-X-L-[NS]-X­

[ND]-A-X-E-F-X-P] has been sent and accepted at the PROSITE pattern database and should be

part of the next release of the updated databank.

Paip1 is a mammalian protein that shows sorne areas of homology to eIF4G, yet no protein could

be found in yeast that exhibited its peculiar PABC interacting motif. Sirrrilarly, no Paip2-like

protein could be retrieved in fungi. Amongst aIl the proteins found and shown in Table 2, the

only one that is also occuring in yeast is RF3. Saccharomyces cerivisiae RF3, also known as

SUP35, was shown a few years aga to be responsible for the maintenance of a non-Mendelian

determinant that confers suppression of nonsense mutations through a prion-Iike self-
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Orgallsm Length Starts Sequence gi number

BlacJ<:jack Grasshopper
MAP 205 Drosc:phila
Iœi-218 Drosophila
hRF3 Hum:m
:rRF3 :Ral:bit
xRF3 Bullfrog
rrRF3 MJuse
cRF3 C.Elegans
dRF3 Drosophila
pRF3P. Pin1.Js
fPRF3 P. Pastoris
caRF3 C.A1bicans
arm3 C .Maltosa
spRF3 S. Pœibe
dhRF3 D.Hansenii
MCC16.14 A.Thaliana
c:G6441 Drosophila
L5134.7 Leisbmania
ft'p. Prot. S.Pœibe
Unk.. Prot. A.Thaliana
daJbiquitinase Hum:m

Db. qydrolase MJuse
ERD15 A.Thaliana
ERD15 Tcmato
ft'p.Prot. A.Thaliana

Consensus SxL[NS]x[ND]AxEFxP

hPaipl
mPaipl
hPaip2
mPaip2
dPaip2
Atax1.n2
SCA2
Atax1.n2
RNA-BP
RNA-BP
RNA-BP
CG8963
s::P

'Ibbl
'Ibbl
Tab2

Tob2

Hum:m

MJuse

Hum:m

MJuse
Drosophila
Hum:m

Hum:m

MJuse
A.Thaliana
A.Thaliana
Rice
Drosophila
Drosophila
MJuse

Hum:m
Hum:m

MJuse

480
338
127
124
124
1312
914
1285
320
829
289
559
1106
363
345
344

345

1547
1185
1186
628
588
614
597
573
619
741
315
715
712
662
701
596
482
665
1621
557
813
793
163
156
255

127- lm SKLSVNAPEFYP
18- lm SKLSA1:ilAPEFYP
107- vk SNlNPNAKEFVP

107- vk SNlNPNAKEFVP

103- ek. SlJ.I.NEMADEFVP
911- rk STIl'WNAKEFNP

831- rk STINPNAKEF.NP
883- rk STINPNAKEF.NP
64- ei SHI1'JPMAKEFVP
3- mf :KKLNP:EAE:EFFP
40- 11 SKLNPA..lŒEFVP
71- da SNLQATATIFIP
165- sa SKLQATAPEFVP
283- qt SALSPNAKEFIF

265- kt SALSPNAKEFIF

131- ik SSFNPDAQVFVP
251- pq: SQISPNAKEFW

130- ik SSFNPDAQVFVP
252- pq: SQISPNAKEFW
140- me SRLNPDAKEFVP
234- nh SQI..NPNAVAFVP
533- rrg SVLNSNAKEFHP
49- fs BKUWNAKPFVP
18- fs RQI.NVNAKPFVP
69- sm AAI.MmAKPFVP
20- fs SQLNIHAKPFVP

2- -m SGWNVNASSFVP
12~ kf STLNVNAVEFVP
34- vq SYHNrAf;)J>FIIP

18- eq RFNJ?NSASSFQP
36- qp YFNPNQAQAFVP
27- qn YYNPNAAQSFVP
20- qt SKI..SMSAKAPI'F
42- qn NFNANSAPI'FTP
459- ek STLNPNAKEFKL
21- re YSI..NPNAVEFVP
487- gg SMVRPVATSPI'P
1330- qk VAlliPSAPEFVP
20- kp TI'I.NPHAAEFVP
96- is STLNPQAPEFIL
81- is STLNPQAPEFIL
9- gr S'I'I.NPDAPLFIP
9- gr S'I'rnPNAPLFVP

10- rl S'I'INPNAPVFDP

sgyss
sgyss
gvkyg
gvky­
rchvi
rsfsq
rsfsq
rsfsq
sflaq
sykm
ssaav
sfsyn
nfaki
pnrrq;J"

pr.11l"qJ

igsqj
rmgs
iqsqj
ngggs
sflaq
gvgsq
tgesh
nvbaa
nvbaa
nvnav
svsaa
nanar
sfsyn
saqpy
sfupq
tggyq
1:gJgyq

TPkaa
sgq::;g
NPkak
sfrqk
hfqls
dstps
ftlrs
gctas
gctts
sfvrq
sfvrq
vefre

3046900
4704764
11416373
12838033
7299698
4506795
1770390
6677857
9758532
8671859
8096600
7302843
730843
6678397
5032187
7706739

10048440

7511753
126746
7293319
8922424
7077174
2134158
3461882
3878044
7297950
3236
6478794
13676380
2582369
3819704
15080702
11994373
7297259
7769961
7522319
3075391
1136438
6678493
15227351
8489786
15236461

Table 2: PHI-BLAST search and sequence alignment of proteins exhibiting the PABP

interacting Motif 2, with the consensual motif at the bottom. Within the alignment, conserved
positions are shown in light gray.
This table can also be found on-line at http://www.bri.nrc.caJmcgnrnr/pabp/pabc.html.
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propagating aggregation mechanism (phenotypically designated as [psi+]) (Ter-Avanesyan et aL,

1994). The region of interaction is part of a N-terminal portion of Sup35 that is conserved

among distantly related yeast species (Kushnirov et al., 1990; Santoso et al., 2000). A few yeast

species indeed did exhibit a paip-like sequence, the first one we found being that of Pichia pinus.

However, when a yeast-specific BLAST search is run based on Pichia's RF3, two types of

homologous RF3s are retrieved (Fig. 5): a few hits are that of closely related proteins that match

Pichia RF3 on its whole length, but the vast majority of the proteins that are highly homologous

(with E-values «1) only starts matching past the 160 first residues of those PAM2 containing

protein, and correspond mostly to EFI-Hke proteins, that catalyze the GTP-dependent binding of

amino-acyl-tRNA to ribosomes.

1_42411111.IlIIB'ilIIIIIillJll!ililillllll!liI11III"lIIjIIIi"ilillllll!li1IIIIIIIIjIIIIlBIII'liI11III1IIll1i.IlIIB!9IIilIi~imlllllllllfilllljllli ~llIIII'li"~~i~im".i ~.l!Iillll!ll1illll\l!i..
o 100 200 300 400 500 600 100

rII1IIII""""".""""",,1.
UIIiIIfJIV,""""''''''''''''''EI!i1iIJIIJIIJU"""'''''''''''''''''''',,,,,,,-----"":::======-

Figure 5: Excerpt of a BLAST search of the Pichia pinus RF3 (741 aa) versus a database of

fungal sequences. Hits (bars) are aH from fungal RF3s. Hatched parts are regions of low

complexity, plain Hnes have a similarity score above 200. The putative PABC-binding domain
of pRF3 is found between residues 34 to 46.
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Most importantly, absolutely no homologous motif could be retrieved in S.cerevisiae, despite the

fact that the whole genome of this organism has been sequenced; this should be contrasted with

the fact that the S. pombe genome has aise just been completed (Wood et al., 2002), and that we

did indeed find what seems to be a PAM2 motif in sorne of its RF3-like proteins. Kushnirovet

al. (Kushnirov et al., 1990) had already noticed something similar when comparing SUP35 from

P.pinus and S.cerevisiae, but could not come up with an explanation for this strong difference in

the N-terminal region, that contrasted so much with the high homology on the rest of the protein.

AIso, when looked at more closely, no real phyletic distribution of those "have" and "have not"

organisms could be found in the fungal subkingdom: although the protein sequences are highly

homologous, no family or subgroups could be clearly isolated that eould be said to exhibit (or

not) in a significant portion of its members the extra RF3-1ike domain in its EFl-like proteins.

Of course, considering that only two yeasts have had so far their genome sequeneed, this

situation is bound to evolve as more light will be shed as other genome sequencing projects are

progressing. Alternatively, andbased on the slightly divergent fold of S.cerevisiae PABC, it

could be possible that the presence or absence of helix 1 and/or the lack of sequence

conservation in the loops between helices 1-2 and helices 2-3 (the former being implieated in

Paip 2 binding in hPABC as seen earlier) play a role on ligand selectivity. The conserved motif

could then be different, particularly at the F-X-P C-terminus that is inserted into the deep of the

hydrophobie core. Unfortunately, various searches in the N-terminal region of S.cerevisiae
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SUP35 and other yeast RF3s could not provide a consistent pattern that could he considered as

even remotely homologous to the current PAM2 motif.

51



3.3 Phylogenetic analysis of the PABP family

Poly(A) Binding Proteins are eukaryotic proteins made up of four N-terminal RRM

domains and a highly conserved C-terminal sequence 64-72 amino-acids in length (Table 3). An

iterated 'II-blast search with human and yeast PABPs as a search template led to the

identification of about 100 isoforms of the protein spread over 22 different eukaryotic organisms

(8 from the animal kingdom, 8 plants, 3 parasites, 3 fungi). Paralogs (genes originating from a

gene duplication event within an organism) were filtered out so as to show only orthologs (found

in separate species but which are derived from a common ancestor) as the taxa in the two trees

shown in Fig. 6, and also to compensate for the overrepresentation that would arise for

organisms whose genome has been completely sequenced over those that have not. The general

appearance of both trees shown in Figure 6 is similar: it clearly appears that three subfamilies

can be clearly distinguished. A first group encompasses PABs of animal origin (top branch),

with an overall identity of 75% or more. Tissue-specifie (testies) or inducible (activated platelets

or T cells) isoforms have also been deseribed (Feral et al., 2001; Houng et al., 1997) in humans.

Paralogs are duplieated genes within an organism, usually answering to the need for subcellular

speeialization: this interpretation explains the faet that the human isoforms including PABP show

a slightly lower identity level between themselves than when compared to isoforms in other

vertebrates.
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Table 3: Alignment and conserved residues of homologous PABC sequences identified from 22
different organisms and 3 HYD PABC-like sequences. The sequence of 74 residues contains 58

conserved residues with 50% identity. For readibility purposes, paralogs are not shown.

Abbreviations, organisms (vulgar name if applicable) and accession numbers by alphabetical

order: Ap, Anemia Phyllitidis, CAA81127; At, Arabidopsis thaliana (cress), AAF43230; Ce,

Caenorhabditis elegans (worm), CAA21572; Cr, Chlamydomonas reinhardtii, AAC39368; Cs,
Cucumis sativus (cucumber), AAF53202; Dc, Daucus carota (carrot), AF349964; Dm,

Drosophila melanogaster (fruit fly), P21187; DH, Drosophila melanogaster HYD, AF252698;
En, Emericella Nidulans, AAB16848; HH, Homo sapiens (human) HYD, AAF88143; Hs, Homo

sapiens, Pl 1940; Lm, Leishmania major, AAC64372; Mc, Mesembryanthemum crystallinum

(ice plant), AAB61594; Mm, Mus musculus (mouse), CAA46522; Nt, Nicotiana tabacum

(tobacco plant), AAF66823; Pm, Petromyzon marinus (sea lamprey), AAB8849; RI00, Rattus

Norvegicus (Norwegian rat) lOOkDa protein, Q62671; Rn, Rattus Norvegicus, CAC21554; Sc,
Saccharomyces cerevisiae (baker's yeast), P04147; Sp, SchizosaccharomycesC'pombe (fission

yeast), T38950; Ta, Triticum Aestivum (wheat), AAB38974; Tb, Trypanosoma brucei,

AAD13337; Tc, Trypanosoma cruzi, AAC46487; Xl, Xenopus laevis (frog), CAA40721.
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An on-lïne version of this table is available at http://www.brLnrc.calmcgnmr/pabp/pabp.html
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Figure 6: (A) Bootstrapped NJ-tree from known Poly(A) Binding Proteins C-termini from 22

different organisms and HYD PABC-like sequences from three others. (B) Tree based on the
whole sequence from the 22 Poly(A) Binding Proteins. Abbreviations are similar to those used

in Table 3.

The second branch (bottom) groups those proteins of vegetal origin, which exhibit less

identity between themselves than animal PABPs do. It is nonetheless still quite high (about 70%

in an all-against-all sequence compa.rison). Although dear evidence for genes of plant origin in

trypanosomids is lacking ta date, PABC from the human parasites Trypanozoma brucei and
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Tlypanozoma cruzi is grouped with plant homologues, at a position clearly away from the two

other main sub-groups. This grouping is supported by reeent work involving several plant and

trypanosomal genes that hints at a distant phylogenetie link between the euglenozoan lineage (to

which trypanozomids belong) and plants (Baldauf et al., 2000).

A third, more divergent sub-group eontains the ubiquitin ligase proteins of the

hyperplastie dises (HYD) family, as weIl as the S. cerevisiae and S.pombe PABC isoforms.

Although the relationship between those ligases and poly-A binding proteins has not been yet

clearly established, alignment of human HYD (table 3) shows a c1ear homology with other

PABC proteins (45% identity on average), excepted on the N-termina}side, where a signifieant

structural difference has been shown to occur with the loss of the first alpha helix which is

present in human PABC (Deo et aL, 2001; Kozlov et aL, 2001). Interestingly, the equally divergent

sequence of S.cerevisiae PABC on the N-terminal side leads to the absence of the first alpha

helix. This eould concevably reflect a functional evolution of the PAB protein driven by the

need to meet an increasingly complex variety of ligands interaeting with the protein in higher

eukaryotic Hnes. Ubiquitin ligases on the other hand, having a somewhat different function,

could function in the absence of helix 1, due to the lack of requirement for interactions with more

complex (or specifie) substrate proteins.

The two trees shown in figure 6 were generated using either the PABe domain or the

whole protein sequence -inc1uding unfolded or weakly conserved regions like the spacer arm
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between PABC and the four N-terminal RRM domains. It is interesting to note that the latter

case, despite lower overaU sequence identity and homology (Table 4), gives a taxonomically

more accurate grouping into families and subgroups. In Figure 6.B, Leishmania major PAB

groups logically with other parasitic trypanozomids, while Emericella nidulans moves from the

edge of the animal branch to go with other fungi S.pombe and S.cerevisiae. Even more

interestingly, PABP from Chlamydomonas reinhardtii, a uniceHular green algae, rearranges itself

within the fungal branch of the tree: Chlamydomonas is often referred to as a "green yeast",

mainly because it is unicellular, grows quickly, forms colonies on plates, can grow haploid or

diploid and is easy to transform (Lefebvre and Silflow, 1999). Trees generated using maximum

parsimony gave similar results, and so did a tree built from the RRM motifs only (data not

shown). When comparing sequence identities in Table 4, the general pattern is that PABC

domains are more conserved than RRM domains. The same result is found between paralogs, as

RRM domains are also found to be more divergent from one another than the C-termini when

comparing the inducible and ubiquitous human isoforms. However, in the particular case of

yeasts, S.cerevisiae and S.pombe PABPs have a lower homology with higher eukaryotic PABCs

than there is between the RRM domains. The RRM family is an ancient motif that is found in a

variety of proteins of bacterial, fungal, plant and animal origin, suggesting that the RRM is an

important structural feature of protein-RNA interaction. We therefore suggest that the RRM part

of the protein results frorn an early duplication event that gave rise to orthologs that evolved in

parallel, but separately. It is only much later that the C-terminal dornain appeared on the protein,
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HS PM XL SC TC TA AT SP EN CR
77 88 51 34 51 50 57 50 48

80 53 36 56 53 60 54 51
59 34 55 56 61 53 54

34 5J 50 61 54 51
RRM Domains 37 34 39 40 35

59 52 48 51
54 47 49

61 55
51

CR

HS
HS
PM 90
XL 99 91
SC 40 37 40 PABC domains
TC 50 50 50 36
TA 54 55 54 38 55
AT 54 55 54 35 53 66
SP 50 51 51 41 44 48 45
EN 71 67 73 46 58 70 66 76
CR 66 65 68 38 51 61 57 56 71

Table 4: Sequence identity between selected PABPs. Top right: RRM domains. Bottom left:

conserved C-termini only were BLASTed against each other. Except for yeasts, homology
between RRM domains is lower than between PABC domains. AT, Arabidopsis thaliana; CR,

Chlamydomonas reinhardtii; EN, Emericella nidulans; HS, Homo sapiens; PM, Petromyzon
Marinus; SC, Saccharomyces eerevisae; SP, Schyzosaccharomyces pombe; TA, triticum

aestivum; TC, trypanozoma cruzi; XL, Xenopus laevis.

when a stronger specialization of the protein evolved, explaining the evolutionary difference

between the two parts of PABP. Conversely, in yeast, lower conservation of the PABC domain

may reflect the lesser need for a specialization of the protein, sinee unicellular eukaryotes are

subject to less complex interactions. Henee, the 100ser evolutionary pressure for strong sequence

conservation, and the lack of PAM2-bearing proteins in S.cerevisiae. In a yeast two-hybrid
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study, Mangus et al. (Mangus et al., 1998) found a number of proteins interacting with the C-

terminus of PABIP. Focusing on Pbplp, they could not, however, identify a single, twelve

residue long, binding motif or interacting region as described in chapter 3.2. Interestingly, their

protein had a weak homology ta ataxin (and none with paip1 or 2) and it was not in the region

that holds the PAM2 motif; interactions with PABP are thus likely ta take place through ·a very

different mechanism, closer ta that used by eIF4G during mRNA circularization for instance,

rather than ta that of the higher eukaryotic Paip 1 protein. Additionally, a recent publication

(Cosson et al., 2002) tried ta map the interactions of S.cerevisiae RF3/SUP35 with PABC: the

strongest interacting region in SUP35 was between residues 1 ta 239, while removing the last

twenty residues of PABC had a negative effect on binding. This goes in contradiction with a

short PAM2 motif at the N-terminus of SUP35 that would regulate interactions with PABC, and

also with the central role played by Lys35 in PABC binding of peptides.
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3.4 Comparative modeling of PABC orthologs

3.4.1 Foreword

Comparative modeling predicts the three-dimensional structure of a given protein

sequence (target) based primarily on Hs alignment to one or more proteins of known structure

(templates) (Marti-Renom et al., 2000). The number of protein sequences that can be modeled

and the accuracy of prediction are increasing steadily because of the growth in the number of

known protein structures and because of improvements in the mode:ling algorithms.

Although steady progress has been made in ab initia fold prediction, comparative

structure modeling remains the most accurate method of guessing reliably at a protein's structure,

particularly in cases where identities are fairly high (>30%) (Schoonman et al., 1998). Thus,

literature has started to appear in the past couple of years that relies only on modeled folds and

virtual docking experiments (AI-Lazikani et al., 2001; Brody et al., 1999; Xu et al., 2001). The

overall accuracy spans a wide range, from low resolution models with only a correct fold to

models comparable to medium resolution structures as determined by X-ray crystallography or

NMR data ((Sanchez and Sali, 1997) and Figure 7). Moreover, the structure of proteins in a

family are more conserved than their sequences; thus, if sequence homology can be detected,
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structural identity can Iargely be assumed. It has been speculated that within ten years at least

one example of most structural folds will be known, making comparative modeling applicable to

most protein sequences (Sanchez and Sali, 1997). It is with this in mind that IBM recently

Iaunched hs "Blue Gene" project, a massively paraIlel petaflop (l015 floating-point operations per

second) supercomputer that is expected to correctly predict protein folding (Allen et al., 2001)

within a year's worth of calculations.

o TEMPLATE-TARGET
.. MOOEl· TARGET

il'T'ad?t.ATE·T~lIT!'lIF~
.~f;MOR
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% SEQUENCE IDENTITY

Figure 7: Average model accuracy as a

function of the template-target sequence

similarity, as calculated with MüDELLER.

When multiple sequence and structure

information is used, and the alignments are

edited by hand, the models can be

significantly mQre accurate. The higher the

sequence identity, the more significant the

accuracy of modeling. Percentage structure

overlap is defined as the fraction of

structurally equivalent residues. Two

residues were considered equivalent when

their C atoms are within 3.5 À of each other

upon rigid-body, least-squares superposition

of the two structures. Taken from (Marti­

Renom et al., 2000).
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3.4.2 Comparative Modeling

AU current comparative modeling methods currently consist of four sequential steps:

template selection, template-target alignment, model building and model evaluation. Template
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selection was made easy by the fact that three PABC sequences have been solved, an of them

with medium (40%) to good (>95%) identity to the remaining isoforms, which facilitated the

alignment of target and template sequences. Modeling itself, using the MüDELLER program (Sali

and Blundell, 1993), then relies on the satisfaction of so-called spatial restraints, that are

obtained by assuming that the corresponding distances and angles between aligned residues in

the template and target are similar. The mode! is then derived by minimizing the violations of an

the restraints (Marti-Renom et aL, 2000). Thus, given a correct initial alignment of sequences, it

has been shawn that when the evaluation of the template-target similarity is based on the

template-target alignment used for modeling, the final model is generally closer to the target

structure than any of the templates (Sanchez and Sali, 1997).

An interesting way to monitor progresses made by modeling softwares from around the

world is to follow the biannual meetings on Critical Assessment of Techniques for Protein

Structure Prediction (CASP), where modelers are challenged to solve the structure of a set of

proteins that are simultaneously solved by X-ray crystallography or NMR. Round V of CASP is

scheduled for december 2002 and results from CASP IV can be found in (Venclovas et al.,

2001).

3.4.3 Comparative modeling of PABC orthologs

61



Deo et al. used this modeling based on spatial restraints technique to perform homology

modeling based on the HYD PABC-like crystal structure they had solved (Deo et aL, 2001);

however, they relied on a fairly distant (45%) and single structure in order to generalize their

findings and extend them to the poly(A) binding protein's C-terminal domain. They conduded

that the whole PABC family of proteins was made of the same bundle of four helices as their

HYD template was. This assertion was partly proved wrong by the simultaneous publication of

the human structure of PABC (Kozlov et al., 2001), which is made of five helices, and also by

the fact that the template they had used was that of an HYD domain 64 residue-Iong (residues

16-76 of the conserved PABC domain). Sixteen N-terminal residues were "missing", and from

the structure published by Kozlov et al. (Kozlov et al., 2001), those were exactly where helix 1

was actuaIly located. However, the N-terminal region from HYD-P is sufficiently divergent

from the other PABC protein to lead us to think that no extra structural information could have

been derived from the crystal structure, had it been that of a larger sequence. With this in mind,

the structure of aIl 20 extant PABP orthologs were modeled with MODELLER, using the NMR

coordinates of hPABC and those of the newly solved yeast structure as templates. The only

exception was in the case of mammalian orthologs that aIl had an identity >95% to hPABC: in

this case, the use of two templates, with one being very close and the other being mediumly

distant, can prove counter-productive for the accuracy of the final model. The proteins were

therefore modeled against hPABC only. A ribbon drawing of each of the models generated for

each protein (with the lowest probability density function) is presented in Fig. 8.
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Figure 8: Homology models of 20 PABC orthologs as predicted using MüDELLER (Sali and
Blundell, 1993). The most conserved feature is the relative length of the C-terminal helix (red),
as well as the characteristic arrow-hke shape of the whole domain. Figures generated using

RASMOL (Sayle and Milner-White, 1995), MOLSCRIPT (Kraulis, 1991) and RENDER (Merritt and

Murphy, 1994).

Contrary to the daim by Deo and colleagues, the models obtained and modeled from both

yPABC and hPABC are much doser to the human structure than to the hyperplastic disc protein,

in that aU 20 models are predicted to contain five consecutive helices arranged in a arrowhead-

like shape, with no major difference in the core region defined by helices 3,4 and 5 of the human

domain. Helix one (residues 5-9) is conserved in aIl models, including the yeast

Schyzosaccharomyces pombe, as could be predicted from the high sequence homology between

an the N-terminal regions of aU the proteins, except for the yPABC and the various HYD

isoforms. Another generaUy conserved feature is the presence of a salt bridge between Lys38

and Glu45 (Fig. 9). As for differences and variations, an extended helix 2 in L. major probably

results from the absence of the conserved Pr026 (changed to Leu) that otherwise acts as a

destabilizing factor for the helical conformation in the other molecules. Also, the loss of the LLH

stretch and the mutation Leu52~Phe52 could explain the shorter helix 4 in the L. major domain.
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Figure 9: Close up view of the conserved salt

bridge between Lys38 and Glu45 from the

modeled structure of Anemia phyllitidis. Figure

generated using SwissPDB Viewer (Guex and

Peitsch, 1997).

For most models and residues, the <j>/'Jf angles faU in the most favoured or additionnaUy

a1lowed regions of the Ramachandran plot (Fig. 10). Of the 20 modeled structures, seven ended

up having a residue in a disaUowed region: Ala37, which is a mutation from the conserved Gly37

at the end of the loop preceding helix 3, was in disaUowed regions for A. thaliana, C. sativus, D.

carota, M. Crystallinum, T. aestivum, T. brucei and T. cruzi.
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Figure 10: Ramachandran plot for the lowest pdf value of two modeled structures. Left: L.

major. PABP residues are at 92.3 % in the most favoured regions and 7.7% in additionally

allowed regions. Right: T. aestivum. 82.6% of the residues are in the most favoured regions,
10.1% in additionnally allowed regions, 5.8% in generously allowed regions and 1.4% (1 residue)

in disallowed regions.

AlI those proteins have also a non-conserved residue instead of the expected Leu35,

which could explain the incoherent torsion angles applied two residues later in the loop. AIso,

loops that are longer than five residues have proved to he a very prohlematic area for modeling

systems (Martin et al., 1997). Models generated using as a template the experimentally solved

structures of hPABC, yPABC, HYD or a combination of the three, as weIl as a similar model

building using the on-Hne server SwissModel (Guex and Peitsch, 1997) gave similar resu1ts (data

not shown). We also decided to run a prediction of the structure of HYD-P, using the full-Iength

of the PABC-like domain. The templates used were alternative combinations of HYD and

hPABC or yPABC, as well as the three proteins simultaneously aligned. Neither MüDELLER nor
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SwissModel predicted that the missing N-terminus is hast ta an additional helix (results not

shawn).

During CASP IV (December 2000), prediction of a protein structure with about 51 %

identity with the template used (T.cruzî PABC has 50% identity with hPABC) gave a Root Mean

Square Deviation (RMSD) of 1.09 Â3; as a mean of comparison, the NMR structure of human

PABC that was published by Kozlov et al. had a RMS Deviation of 0.48 Â, and that of yPABC

an RM.S.D. of 0.34 Â. The structure of the C-terminal domain of the Trypanosoma Poly(A)

Binding Protein is currently being investigated by NMR in our laboratory: it should saon be

possible ta check the accuracy of the models presented here. It has already been confirmed that

tcPABC harbours indeed five helices (Nadeem Siddiqui, personal communication). However,

from the convergence curve presented in Figure 7, it is reasonable ta assume that models derived

from mammalian proteins that exhibit a sequence identity >95% should be of a much higher

quality, possibly under 1 Â RMSD.

3 See http://predictioncenter.llnLgov/ for a complete list of results.
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Chapter IV: Concluding remarks

To be or not to be, that is the question:

Whether 'tis nobler in the mind to suifer

The slings and arrows ofoutrageous fortune,

Or to take arms against a sea of troubles

And by opposing end them?

-William Shakespeare, Hamlet, act III, sc.}
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4.1 Summary of results

Yeast PABC was overexpressed as a GST fusion protein, cleaved and purified to

homogeneity, for a final yield of 3 mg per liter of LB medium. From the three~dimensional

structure of the yeast PABC solved in the laboratory by heteronuclear and multi~dimensional

NMR spectroscopy, it was observed that despite the loss of the first alpha helix that is present in

residues 5-9 of the human isoform, the overall fold of the protein is well conserved, and

resembles a compact bundle of four alpha helices, arranged in a arrowhead~like shape.

A putative consensual binding site for translational proteins interacting with PABC was

investigated and was established to be of the form S-X-L-[NS]-X-[ND]-A-X-E-F-X-P in order to

match aH of Paip 1 and 2isoforms in a non-redundant database search. A host of proteins were

identified that also held this conserved motif. Intriguingly, of aH the putative proteins that were

retrieved from a search in the non-redundant NeBI database, only release factor 3 (RF3) proteins

are present in both lower and higher eukaryotes (aH of yeast, vegetaIs and animaIs). Most

importantly, no RF3 could be found in S.cerevisiae that contain a PABC binding site. A series of

<p-BLASTs and phylogenetic analyses showed that yeast RF3-like proteins could be divided into

two very distinct groups, based on the 10ss (or gain?) of a 160 residues long N-terminal domain:

longer proteins have a PAM2 conserved motif located in the first third of this extra region,

whereas the shorter proteins are more to EF-l alpha-like. No obvious pattern in the phyletic
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distribution of those proteins could be detected: this indicates that eRF3 and eEF l-alpha have

very similar funetions, and that they may have very similar roles in lower eukaryotes. Both

eEFl-a and eRF3 bind to the ribosomal machinery through the A site and bind to GDP/GTP, but

eEFl-a requires eEF-2 for GTP hydrolysis and nucleotide exchange, while eRF3 is a G-protein

in itself (see Chapter 1.1.3 and 1.1.4). No explanation has so far been offered in the literature as

to why these two proteins are so alike.

The phylogeny of the Poly(A) Binding Protein C-terminal domain was established. It was

shown that orthologs could be separated into three distinct groups (and two sub-groups), aIl

related to their respective domains of the eukaryotic kingdoms: yeasts, plants/parasites and

animaIs. Phylogeny is best established when the proteins were considered as a whole rather than

by segments, even though the apparition of the RRM domains and the PABC domain are two

totally distinct events in the evolutionary history of the protein, and despite the presence of a

long, unconserved spacer between the four consecutive RNA-binding motifs and the C-terminus.

The average identity in an all-against-all sequence comparison is about 55%, but yeast PABC

identity with other proteins is more around 40% and has a greater similarity of sequence with the

homologous domain of the hyperplastic dise protein. Il is also only in yeast that sequence

conservation is weaker at the C-terminus than in the RRM region, reflecting sorne likely lesser

need for the PAM2 interaction mechanism in Iower eukaryotes.

A three-dimensional comparative model of each of the 20 PABC orthologs was generated

in order to confirm the overall conservation of the PABC foid. The NMR eoordinates of both
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yeast and human PABC were used as templates for alignment, and modeling was done to satisfy

spatial restraints. AIl models showed a remarkable conservation of the protein fold, including the

conservation of the first N-terminal helix, that is absent from both yeast and HYD experimental

structures.

The whole length of the PABC-like domain of the hyperplastic disc protein was modeled

using the experimentai data of yeast and human PABC and HYD, and two distinct modeling

programs confirmed that a longer, more complete PABC-like domain of HYD still harboured

only four helices as previously published.

4.2 Concluding remarks - Future directions

The absence of a putative binding protein for yPABC that would harbor the PAM2

consensus sequence probably means that because of the uniquely different sequence and structure

of the S. cerevisiae PAB C-terminal domain, the motif of the corresponding binding partner must

be slightly different or different enough to be bypassed during a pattem-based search of a yeast

proteome database. However,that what used to be grouped as being aIl yeast SUP35 can in fact

be more accurately subdivided betweeen RF3-like and EFl-like proteins (the latter being 160

residues shorter and lacking an apparent PAM2 motif) hints at a possible evolutionary divergence

in the binding partners and interaction mechanisms of PABC, in the sense that interactions of
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PABP through this domain are not as much of an essential part of the protein's function as in

higher eukaryotic proteins -in mRNA circularization, for instance. Future work should

concentrate on elucidating the relationship between hydrophobie core sequence and structural

conservation, thus leading to the prediction of a new conserved motif for a yeast binding partner.

Conversely, the elucidation of the function(s) of PABC could lead the way ta new interacting

proteins to look at. Examming their sequence and binding requirements would then pave the way

for finding the sequence of the "other" yeast PAM2 sequence, if it exists.
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APPENDIX:

Poly(A) Binding Protein Orthologs:

http://www.bri.nrc.calmcgnmr/pabp/pabp.html

List of proteins with a putative Poly(A) Binding Protein interacting Motif (PAM2):

http://www.bri.nrc.calmcgnrnr/pabp/pabc.html

Modeller Home Page:

http://guitar.rockefeller.edu/modeller/modeller.html

Swiss Model:

http://www.expasy.org/swissmodfSWISS-MODEL.html

Dali:

http://www2.ebi.ac.ukldalil

Protein Structure Prediction Centre:

http://predictioncenter.llnl.gov/
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