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ASAP (Apoptosis and Splicing Associated Protein complex) is a protein complex 

comprising three members: Acinus, SAP18 and RNPS1. In multicellular eukaryotes, ASAP is 

found in spliceosome purifications and is known to interact with the exon junction complex 

(EJC), a protein complex with diverse functions in splicing, mRNA localisation and nonsense 

mediated decay. These associations suggest that ASAP might play an as yet unknown role in 

mRNA maturation. To shed light on this issue, in this thesis I characterised the minimal core 

of ASAP and showed that Acinus interacts with its partners through a novel domain, the 

ABM (ASAP binding motif). I solved the crystallographic structure of the core ASAP and 

used the structural knowledge to identify ABMs in other eukaryotic proteins. Additionally, I 

solved two crystallographic structures of SAP18. This allowed the identification of a con-

served interaction surface on the protein, which might mediate contacts with evolutionary 

conserved partners. Based on the structural data presented here, I suggest new avenues of re-

search that might shed light on the cellular roles of SAP18 and ASAP. 
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In prokaryotes, translation occurs co-transcriptionally: as soon as the newly-

synthesised mRNA emerges from the RNA polymerase, it is engaged by ribosomes and de-

coded into proteins (Gowrishankar and Harinarayanan, 2004). In eukaryotes, the genetic 

material and the transcriptional apparatus reside in the nucleus and are segregated from the 

ribosomes; as a consequence, the RNA, be it mRNA or rRNA, needs to be exported from the 

nucleus before it can be used in the cytoplasm. This physical separation is thought to be 

linked to the evolution of eukaryotic RNA metabolism, whereby almost all primary tran-

scripts in the cell will need to undergo extensive processing before they can be put to use. 

Furthermore, it is becoming clear that the processing steps involved in RNA maturation, far 

from being a simple, sequential cascade of events, are rather a non-linear and interwoven 

mesh, in which any step influences and regulates all the others (see review by Moore and 

Proudfoot, 2009). 

 

"#5 6'7-*-./8!2!1+3!,42/+!-.!49+!7-:+!):!49+!;$%&!

 

A key step in the life of a eukaryotic mRNA is splicing, the process during which the 

non-coding regions (introns) of the primary transcript (pre-mRNA) are removed, and the 

coding regions (exons) are joined to form the mature transcript. In all eukaryotes, splicing is 

performed by virtue of a complex ribonucleoprotein assembly called the spliceosome, which 

catalyses the two trans-esterification reactions required to join two consecutive exons into a 

spliced product. First, the 2´-hydroxyl group of a specific adenine contained in the intron is 

used as a nucleophile to attack the phosphodiester bond at the 5´ splice site (SS) (i.e., the 3´ 

of the first intron), thereby generating a circularised lariat structure. Second, the 3´ hydroxyl 
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group of the first intron becomes the nucleophile, forming a phosphodiester bond with the 

5´ base of the second exon and expelling the branched intron, which is subsequently de-

graded (Figure 1-1).  

Extensive biochemical studies have shown that the spliceosome is assembled over the 

mRNA in a stepwise manner and undergoes several remodelling steps during the catalytic 

cycle, as schematised in Figure 1-1. First, the U1 and U2 spliceosomal nucleoproteins 

(snRNPs) recognise the 5´ SS and the branching point adenine (BPA) through specific base 

pairing and with the help of several SR proteins, thereby forming a complex known as the 

pre-spliceosome, or complex A. Second, the preformed complex formed by the U4, U5 and 

U6 snRNPs is recruited to form complex B, the pre-catalytic spliceosome. Through confor-

mational rearrangements, U1 and U4 snRNPs are released, leading to complex B*. Finally, 

after further rearrangement, the spliceosome catalyses the first trans-esterification step, yield-

ing complex C, followed by the second step and the release of the spliced product as well as 

the intron lariat and the snRNPs. The cycle is repeated for every exon-exon junction (see 

Wahl et al., 2009 for review).  

Key to the fidelity of the splicing reaction is the ability of the spliceosome to correctly 

recognise the 3´ SS, the 5´ SS and the BPA. This is especially true in higher eukaryotes, in 

which the majority of pre-mRNAs can produce multiple protein isoforms and / or RNA pro-

ducts through the selective inclusion or exclusion of exons during splicing (Blencowe, 

2006). The recognition of the splicing site is determined by a complex balance of counter-

acting influences. First, some RNA components of the spliceosome can recognise the SS and 

BPA consensus sequences through base pairing. Second, two classes of proteins are thought 

to play opposite roles in splice selection: SR-repeat-containing (SR) proteins usually act to in-

crease the usage of a splicing site, whereas hnRNPs (heteronuclear ribonucleoparticles) gener-

ally have the opposite function, repressing splicing site usage. Both classes of proteins are 

thought to find their target by means of RNA-binding domains, which bind to splicing en-

hancers or suppressors present in exons or introns. The final exonic composition of the 
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mRNA is determined by the synergistic action of multiple factors, which exert their function 

through various mechanisms: examples include physical blockage of the BPA (e.g. the 

hnRNP Sexlethal in Drosophila melanogaster), enhancement of 3´ SS recognition by U2 (e.g. 

the Drosophila melanogaster SR protein Tra) or enhancement of 5´SS recognition by U1 (e.g. 

ASF/SF2) (reviewed in Black, 2003).  

Far from being an isolated event, splicing is tightly coupled to all the other stages of 

life of the mRNA: for example, splicing is connected to capping and poly-adenylation and 

has been shown to stimulate translation by the ribosome (Nott et al., 2004; Wiegand et al., 

2003). Splicing is thought to exert these far reaching influences by decorating the mRNA 

with several protein complexes (Fuller-Pace and Ali, 2008; Huang and Steitz, 2005; Merz et 

al., 2007), the best studied of which is the exon junction complex (EJC).  

 

Figure 1-1 (next page): Schematic representation of the splicing process: A. The U1 and U2 
mRNPs recognise the splicing site: U2 binds to the branching point adenine (BPA) and to the 
polypyrimidine tract, whereas U1 recognises the 3’ splicing site (SS). SR-repeat-containing proteins 
favor splice site recognition by binding exonic splicing enhancer (ESE) sequences on exons through 
their RRM motif, and by contacting the snRNPs through the SR repeats. The vertebrate consensus 
sequence for SSs and BPA is indicated. Sequence code: Y = pyrimidine; R = purine; N= any nucleo-
tide. B. The tri-snRNP, composed by U4, U5, U6 and associated proteins is recruited to the pre-
mRNA to form complex B. C. Through an ATP dependent conformational rearrangement, U1 and 
U4 are released and the spliceosome is ready for catalysis. D. The first trans-esterification step pro-
duces an intron lariat, in which the BPA forms a 2’ phosphodiester bond with the 5’ guanosine of the 
5’ SS. The 3’ exon remains associated with the spliceosome and is left with a free 3’ OH. According to 
the current consensus, the EJC core, with the exception of Barentsz, is already present on exon 1 by 
this step of splicing (see section 1-3). E. In the second trans-esterification step, the 3’ OH of exon 1 
is ligated to the 5’ phosphate of the first base of the second exon. The spliced mRNA dissociates from 
the spliceosome, which can be recycled. The lariat is subsequently degraded. 
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The EJC is deposited 20 to 24 nucleotides 5´ of exon-exon junctions (Le Hir et al., 

2000). It comprises a core scaffold, formed by EIF4AIII, Barentsz/MLN51, Magoh and 

Y14, that is deposited on the pre-mRNA during splicing and which remains associated with 

the mRNA until translation (Le Hir et al., 2001; Le Hir et al., 2000; Tange et al., 2005). 

The core EJC is assembled on the mRNA stepwise, with EIF4AIII being found already in 

the spliceosome A complex and Mago/Y14 being most likely deposited by the activated spli-

ceosome C complex. Barentsz/MLN51 can only be detected on mature mRNAs, suggesting 

that it is added to the EJC only in the last splicing step or immediately prior to export 

(Gehring et al., 2009). 

Several proteins or protein complexes bind onto the core EJC, the number and iden-

tity of which changes during the life of the mRNA (Tange et al., 2005). It is currently 

thought that by reading or specifically altering the composition of the EJC on the mRNA, 

the cell can determine at which stage of maturation the mRNA is and what its subsequent 

fate should be. 

The EJC fulfils different roles among eukaryotes: in vertebrates and plants the EJC 

has been implicated in nonsense mediated decay, a quality control process whereby mRNAs 

harbouring premature termination codons (PTCs) are recognised and degraded by cellular 

ribonucleases. NMD functions in preventing aberrant mRNAs from giving rise to potentially 

dangerous truncated protein products. Additionally, it is thought to be a physiological means 

of controlling the expression levels of endogenous transcripts (Chang et al., 2007b). In 

mammals, normal termination codons usually reside in the last exon of an mRNA. Any stop 

codon that resides more than 55 nucleotides 5´ to an EJC will be recognised as premature 

and elicit degradation of the carrier mRNA (Le Hir et al., 2001; Le Hir et al., 2000). 
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In Drosophila melanogaster (D.m.), the EJC is involved in sub-cellular mRNA localisa-

tion of the oskar mRNA, which is normally deposited at the posterior pole of the developing 

embryo. This localisation is dependent on the presence of the EJC on the mRNA. The 

mechanisms behind this function are still being elucidated but all components of the core 

EJC are necessary for this process (Hachet and Ephrussi, 2001; Hachet and Ephrussi, 2004). 

Intriguingly, the EJC might also be involved in mRNA localisation in mammals, where qui-

escent, EJC-decorated mRNAs are found in dendritic granules (Giorgi et al., 2007).  

 

"#C !&6&DA!2!*).,+(B+E!*);'7+F!):!0.1.)G.!:0.*4-).!

 

Among the complexes that associate with the core EJC is the apoptosis and splicing 

associated protein complex (ASAP), which comprises SAP18, RNPS1 and Acinus (Schwerk 

et al., 2003; Tange et al., 2005). 

SAP18 (Sin3 Associated Protein of 18 KDa) is a ubiquitin-like (McCallum et al., 

2006), nuclear protein that was originally identified as a component of the mouse Sin3 his-

tone deacetylase complex (HDAC) (Zhang et al., 1997). Sin3-HDAC is a conserved eu-

karyotic complex that functions in gene repression by deacetylating histones H3 and H4 

(Grzenda et al., 2009). In vertebrates SAP18 has been shown to bind directly to Sin3, the 

main scaffold onto which the HDAC complex assembles (Zhang et al., 1997). SAP18 has 

also been shown to bind directly to transcription factors such as Bicoid (Zhu et al., 2001), 

Krüppel (Matyash et al., 2009) and GAGA (Espinás et al., 2000) in D.m., Suppressor of 

Fused (Cheng and Bishop, 2002), Mohawk (Anderson et al., 2009), and Hairy1 (Sheeba et 

al., 2007) in vertebrates, and ERF4/5 (Song and Galbraith, 2006), SOC1 (Liu et al., 2009) 

and AGL24 (Liu et al., 2009) in Arabidopsis thaliana (A.t.). In most cases, it was also shown 

that the presence of SAP18 and/or the recruitment of the HDAC complex are necessary for 

these transcription factors to repress their gene targets. These data have lead to a model 
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whereby SAP18 is the means by which transcription factors can recruit the HDAC complex 

and repress their target genes. It should be noted, however, that Sin3 is also able to bind di-

rectly to transcription factors such as Mohawk (Anderson et al., 2009), implying that SAP18 

might merely facilitate the interaction between the HDAC and the transcription factors. 

SAP18 has also been reported to interact with D.m. E (Z) (Wang et al., 2002a), a member of 

the polycomb repressor complex 2 (PRC2), which mediates long term repression of homeo-

box genes through trimethylation of lysine 27 on histone H3 (Muller and Kassis, 2006). 

This interaction is probably transient as SAP18 cannot be biochemically purified along with 

the PRC2 (Nekrasov et al., 2007). However, it hints at a possible role of SAP18 in mediating 

the action of different complexes that act in transcriptional repression. A very recent report 

also implicates SAP18 in splicing regulation: artificial tethering of SAP18 can induce alterna-

tive splicing of reporter pre-mRNA substrates (Singh et al., 2010). Finally, SAP18 has been 

shown to bind directly to D.m. Pnn (Costa et al., 2006), a component of the EJC and the 

spliceosome. The mouse homolog of Pnn, Pinin, is essential for embryonic development (Joo 

et al., 2007; Joo et al., 2010), probably because of its involvement in the regulation of the 

Wnt signal transduction pathway (Alpatov et al., 2008). Other reports also suggest that 

Pinin can modulate splicing and mRNA export through its interaction with RNPS1 (see be-

low) (Li et al., 2003; Wang et al., 2002b). 

RNPS1 (RNA binding protein S1) is a member of the wide class of SR proteins that 

cooperate with the U1 and U2 snRNPs in splicing site recognition. RNPS1 has a S-rich re-

gion at its N-terminus, followed by an RRM (RNA Recognition Motif) domain and by a C-

terminal region that contains SR repeats (Figure 1-2). RNPS1 was originally isolated as a gen-

eral enhancer of splicing with a potential role in selecting alternative 3´ splice sites (Mayeda et 

al., 1999).  Subsequent studies have confirmed that RNPS1 enhances the formation of the 

spliceosomal A complex in vitro and this activity is dependent on the phosphorylation of Ser 

53 by casein kinase 2 (Trembley et al., 2005). Furthermore, it has been shown that the 

modulation of alternative splicing by RNPS1 is dependent on its RRM and RS domains 
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(Sakashita et al., 2004).   At least in vertebrates, RNPS1 is also an NMD factor: when artifi-

cially tethered to an mRNA downstream of a stop codon, it can induce the degradation of 

the messenger (Lykke-Andersen et al., 2001), similarly to other bona fide NMD factors. The 

NMD functions of RNPS1 are carried out in concert with the EJC, to which RNPS1 pres-

umably associates during splicing (Gehring et al., 2009; Sakashita et al., 2004) and with 

which RNPS1 shuttles to the cytoplasm (Lykke-Andersen et al., 2001). In order to induce 

NMD, the S-rich domain of RNPS1 must be intact (Gehring et al., 2005). Interestingly, like 

SAP18, RNPS1 has been shown to directly interact with D.m. Pnn (Li et al., 2003; Sakashita 

et al., 2004); the interaction occurs between the RRM domain of RNPS1 and the conserved 

coiled coil domain of Pinin. 

 

 

 

Figure 1-2: The domain organisation of RNPS1, SAP18 and Acinus. The domain organisation of the 
components of ASAP is depicted here and is derived from Pfam (Finn et al., 2010). The ABM (ASAP 
Binding Motif) is not recognised by any of the domain databases and is described for the first time in this 
work. Rectangles indicate folded domains, ellipses represent motif that are thought to be unstructured. To 
preserve the relative scale of the domains, two non-conserved and disordered stretches on Acinus have been 
omitted (//). 
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Acinus (Apoptotic chromatin inducer in the nucleus) is 1341 amino acids long in 

humans. It has the typical domain organisation of a splicing protein with an S-rich domain, 

an RRM domain and a C-terminal series of SR repeats. In addition, it contains a conserved 

SAP (SAF-A/B, Acinus and PIAS) domain, thought to be involved in DNA binding, and a 

conserved C-terminal motif of unknown function that, based on the results of the present 

work, I named ABM, for ASAP binding motif (Figure 1-2). Human Acinus is alternatively 

spliced in three isoforms: the reference isoform Acinus L (Large) and two smaller version, 

Acinus S (Small) and Acinus S’, which share residues 770-1341 with Acinus L but possess 

two distinct short exons at their N-termini. All three isoforms are capable of associationg with 

RNPS1 and SAP18 to form the ASAP complex and their functional differences are un-

known (Sahara et al., 1999). During apoptosis Acinus is targeted by caspase 3, which cleaves 

it close to the boundaries of the RRM domain. The cleaved product is necessary for chroma-

tin condensation, a hallmark feature of apoptosis (Hu et al., 2005; Joselin et al., 2006; Sahara 

et al., 1999). In a similar process, caspase 3 cleaves Acinus during terminal erythropoiesis, 

probably in preparation for terminal enucleation (Nagata, 2005; Zermati et al., 2001). Re-

cent reports implicate Acinus in transcription control, binding to retinoic acid receptors and 

regulating the expression levels of various genes, including the cell cycle regulator cyclin A1 

(Jang et al., 2008). The same reports suggest that the regulatory activity of Acinus on tran-

scription depends on the HDAC complex – hinting at the possible involvement of SAP18 

and of the ASAP complex. The role of Acinus in RNA metabolism is still uncharacterised. Its 

domain organisation, typical of SR proteins, suggests a role in splicing. Indeed, Acinus L asso-

ciates with spliceosomes (Merz et al., 2007) and seems to weakly stimulate splicing in vitro 

(Schwerk et al., 2003). Acinus is also found in purifications of the EJC but is thought to dis-

sociate from it immediately prior to the export of the RNA (Tange et al., 2005). Finally, a 

recent report also shows that dosage disregulation of the D.m. ortholog of Acinus, (hook-like, 

hkl) perturbs the EGFR, Notch and autophagocytosis pathways in the eye; this regulation 

could be an indirect effect and its mechanisms are unknown (Haberman et al., 2010). 
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Despite the wealth of information available about each single component of ASAP, 

the complex itself has not been extensively studied since its isolation was reported. ASAP has 

a weak inhibitory effect on in vitro splicing; furthermore, although its over expression cannot 

induce apoptosis (similarly to Acinus alone), increased levels of ASAP can accelerate stauro-

sporine-induced cell death (Schwerk et al., 2003). 
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The high sequence conservation of ASAP in eukaryotes implies an important role for 

this complex in the life of the cell. Yet little is known as to what this role might be. 

In this PhD thesis I have identified a minimal, core ASAP complex, comprised by 

SAP18, the RRM domain of RNPS1 and the ABM motif of Acinus. I have solved the crys-

tallographic structure of this core complex, showing how RNPS1 and Acinus associate in a 

subcomplex, the association of which is necessary for the binding of SAP18. I have then 

searched for ABM motifs in other proteins, and I have found one in Pinin, an essential tran-

scriptional regulator and spliceosomal component. Additionally, I have solved the structure 

of two distinct SAP18 constructs. Analysis of these structures shows that SAP18 possesses a 

conserved, hydrophobic groove, which in the crystal packing accommodates the N-terminus 

of a symmetry-related molecule. The interaction between the N-terminus and the groove is 

reminiscent of the interactions between several classes of ubiquitin-like molecules and their 

ligands, suggesting that the groove on SAP18 might be involved in the interactions of the 

protein with unknown partners. 

 The experimental results presented in this thesis are divided into three sections: in 

the first chapter, the phylogenetic distribution and the conservation of the ASAP complex 

are examined; in the second section, two crystallographic structures of SAP18 are presented; 
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the third and final part deals with the characterisation of a minimal ASAP core and the solu-

tion of its structure. 

The work in the present thesis was carried out in the laboratory of Prof. Dr. Elena 

Conti, first at the European Molecular Biology Laboratory in Heidelberg (Jan 2007 – Aug 

2007) and subsequently at the Max Planck Institute of Biochemistry in Martinsried (Sep 

2007 – present). The search for ABM sequences in eukaryotic proteins and for possible 

SAP18 interactors were performed in collaboration with Dr. Johannes Söding and Dr. 

Echkhart Guthörlein from the Gene Center in Munich. The final, preparative limited pro-

teolysis experiment and the crystallisation of the core ASAP were performed by Judith Ebert. 

Preliminary analysis of the binding of ASAP to the EJC has been carried out in collaboration 

with Dr. Herve’ Le Hir and Dr. Lionel Ballut. 
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A central prediction of the evolutionary theory is that in a protein, functionally 

important residues are phylogenetically conserved. Therefore, as a first step towards 

elucidating the function of ASAP, I surveyed the distribution of its components in the 

tree of life and prepared multiple sequence alignments to identify conserved portions of 

their sequences. 

Based on the analysis of sequenced genomes, several phylogenetic classifications 

of Eukaryotes have been proposed in the last years. According to the prevalent models, 

6  kingdoms are present in eukaryotes: Animals, Fungi, Amoebozoa, Plants, Chromal-

veolates (which include Rhizaria), and the poorly defined Excavates. It is currently ac-

cepted that Animals, Fungi and Amoebozoa form a sister group, named Unikonts, 

whereas Plants and Chromalveolates form another, named Bikonts. However, no con-

sensus has been reached as to the position of Excavata and the root of the eukaryotic 

tree. One recent model postulates that the eukaryotic tree is rooted between Bikonts on 

one side and Unikonts and Excavata on the other side; A second and more recent 

model suggests instead that Bikonts and Unikonts are sister groups, and equally related 

to Excavata (Cavalier-Smith, 2010a; Stechmann and Cavalier-Smith, 2003) (Figure 

2-4). Both models are compatible with the existing data, and currently subject of con-

siderable scientific debate. 
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SAP18 orthologs can be readily identified in Plants, Animals and Fungi through a 

BLAST (Altschul et al., 1990) search. The level of conservation is high, with 23% and 

53% identity between mouse and Neurospora Crassa (N.c.) and Arabidopsis thaliana 

(A.t.). SAP18 respectively. Notably, no SAP18 homolog is present in Saccharomyces cer-

evisiae (S.c.). Using PSI-BLAST (Altschul et al., 1997) or CS-BLAST (Biegert and 

Soding, 2009), more distant SAP18 homologs can be detected also in Chromoalveo-

lates. In Excavata, a SAP18 homolog can be found in the sequenced genome of Tri-

chomonas vaginalis (T.v.), but not in those of Trypanosoma brucei and Giardia Lambia. 

Since SAP18 is a highly conserved, single-domain protein, this is likely to reflect a bona 

fide absence rather than a false negative. It is therefore unclear whether SAP18 has been 

acquired by Trichomonas through lateral gene transfer, which is common in parasites 

(Keeling and Palmer, 2008), or whether it has been independently lost in all other Ex-

cavates (also a common occurrence in parasites). Figure 2-1 shows a multiple sequence 

alignment of eukaryotic orthologs of SAP18. 

 

Figure 2-1: Multiple sequence alignment of SAP18 orthologs. [Continued on next page] 
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RNPS1 orthologs in vertebrates and plants are also readily identified by a 

BLAST search. Despite considerable sequence divergence, RNPS1 orthologs can also be 

confidently identified in Fungi and Chromalveolates. In all phyla, the overall domain 

organisation of RNSP1 is conserved, with a N-terminal S-rich region, a central RRM 

and a C-terminal SR repeat domain (Figure 1-2 and Figure 2-2). Interestingly, a pro-

tein exists in T.v., which contains an RRM with the signature of RNPS1, but no S-rich 

region or RS-repeats (Figure 2-2). No homolog of RNPS1 is present in Saccharomyces 

cerevisiae. 

Bona fide homologs of Acinus are present in Plants and Metazoans: all of these 

proteins share (1) the same domain architecture, with a N-terminal SAP domain, a 

middle RRM domain and a C-terminal ABM domain (Figure 1-2) and (2) where 

available, a similar reported pattern of splicing, with L and S isoforms (where the L iso-

forms contains the SAP domain).  Partial exception to the rule is D.m. Acinus (also 

known as hook-like, hkl), which does not possess a SAP domain. Clear-cut Acinus L 

homologs can also be found in the chromoalveolate Ectocarpus Siliculus, and in the 

fungi Aspergillus clavatus and Tuber melanosporum (black truffle) (Figure 2-3). No ho-

mologs can be found in Excavates (including T.v.) or Saccharomyces cerevisiae. 

 

[Continued from previous page] SAP18 orthologs from selected organisms have been identified using 
CS-BLAST and aligned with MAFFT (Katoh et al., 2005) using the Jalview alignment analysis 
suite (Waterhouse et al., 2009). For comparison, the SAP18 ortholog found in T.v. is also shown. 
The experimentally determined structure of mouse SAP18 is shown above the sequence. The N- 
and C-termini, which are not conserved, were omitted for clarity. Extensive insertions present only 
in one sequence of the ensemble have been removed to improve legibility and this position is 
marked with the symbol “*”. The figure was prepared using ALINE (Bond and Schüttelkopf, 2009) 
and Adobe Illustrator. Color code: dark blue = 66-100% identity; light blue: 33-66% identity. 
Phylogenetic distribution: Mus musculus, Drosophila melanogaster, Caenorhabditis elegans, Trichoplax 
adhaerens: phylum Animalia; Laccaria bicolor, Neurospora crassa: phylum Fungi; Arabidopsis 
thaliana, Physcomitrella patens, Selaginella moellendorfii, Chlamidomonas reinhardtii: phylum Planta; 
Perkinsus marinus, Ectocarpus siliculosus: phylum Chromoalveolata; Trichomonas vaginalis: phylum 
Excavata. Accession codes, from top to bottom: NP_033145.2; Q9VEX9.1; NP_497833.1; 
XP_002112892.1; XP_001876400; XP_956672.1; XP_001695133; NP_566050.1; 
XP_001764568; EFJ15544; XP_002785750.1; CBJ29313.1; XP_001582301.1. 
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Figure 2-2: Multiple sequence alignment of RNPS1 orthologs. RNPS1 orthologs from selected 
organisms have been identified through CS-BLAST and aligned with MUSCLE (Edgar, 2004) 
using the Jalview alignment analysis suite. Sequence conservation outside the RRM domain is poor; 
however, the N-terminal S-rich region and the C-terminal SR repeats can be clearly distinguished in 
all the sequences. Note that in Ectocarpus siliculosus the S-rich domain is in the C-terminus, after the 
SR repeats region. Due to the flexibility of both regions, and due to the fact that within the ASAP 
complex they should be adjacent, (see the position of the C- and N-terminus in Figure 2-28), this 
translocation is not expected to result in functional differences. The experimentally determined 
structure of the RRM domain of human RNPS1 is shown above the sequence. Extensive insertions 
present only in one sequence of the ensemble were removed to improve legibility and their position 
is marked with the symbol “*”. The figure was prepared using ALINE (Bond and Schüttelkopf, 
2009) and Adobe Illustrator. Color code: dark green = 66-100% identity; light green: 33-66% 
identity. Phylogenetic distribution: Cryptococcus neoformans: phylum Fungi; for the other organ-
isms, see the legend to Figure 2-1. Accession codes, from top to bottom: Q15287; NP_649903.1; 
NP_497276.2; NP_173107.1; XP_001759034.1; XP_569824.1; EFJ13110.1; XP_958016.1; 
CBJ26878.1; XP_001317742.1. 



 27 

 

 

 

Figure 2-3: Multiple sequence alignment of Acinus orthologs. Acinus orthologs from selected 
organisms have been retrieved through a CS-BLAST search and aligned with MAFFT (Katoh et al., 
2005) using the Jalview alignment analysis suite (Waterhouse et al., 2009). For clarity, only selec-
ted parts of the alignment are shown. A. Multiple sequence alignment of the SAP domain. For rea-
sons unknown, the domain is absent in Drosophila melanogaster and Schizosaccharomyces pombe Aci-
nus, which have been removed from the alignment. B. RRM domain. This domain is not present 
in Schizosaccharomyces pombe Acinus, in which it seems to have been substituted with a domain that 
is similar to a portion of glutamate tRNA syntethases. The functional relevance for this substitution 
is unknown. C. ABM domain. The experimentally determined structure of this domain is shown 
above the sequence. The figure was prepared using ALINE and Adobe Illustrator. Colour code: dark 
purple = 66-100% identity; pink: 33-66% identity. Phylogenetic distribution: Aspergillus clavatus, 
Tuber melanosporum, Schizosaccharomyces pombe: phylum Fungi. For the other organisms, see legend 
to Figure 2-1. Accession codes, from top to bottom of the ABM alignment: CAX15414.1; 
NP_609935.1; NP_491344.1; XP_002111598.1; NP_195678.1; EFJ23297.1; 
NP_595942.1; XP_001766987.1; CBJ25459.1; XP_001274049.1; XP_002836771.1.  
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All the components of ASAP are present in Unikonts and Bikonts, implying 

that they were inherited from the concestor (last common ancestor) of these groups. 

Additionally, Excavates seem to have lost all or some of the ASAP components. Three 

hypotheses are compatible with this phylogenetic distribution: irrespective of the true 

rooting of the eukaryotic tree, ASAP could have been present in the last eukaryotic 

common ancestor (LECA) and subsequently partially or completely lost in Excavate 

lineages (Figure 2-4 A and B). An alternative, less parsimonious hypothesis is that, if 

Unikonts and Bikonts form a sister group separated from Excavata, ASAP could have 

evolved after the divergence of the latter lineage. SAP18 and RNPS1 would have been 

subsequently transferred laterally to Trichomonas (Figure 2-4 C).  

The LECA was already competent at splicing and NMD, as demonstrated by 

the fact that these processes are present and mechanistically conserved in all eukaryotic 

phyla (Izquierdo and Valcárcel, 2006). Interestingly, Excavates prefer trans- to cis-

splicing (Liang et al., 2003); additionally, both Excavates and Saccharomyces cerevisiae 

have  intron-poor genomes (Anantharaman et al., 2007). Altogether, these data could 

suggest an evolutionary relationship between splicing and the maintenance of ASAP 

that would hint at a role for the latter in the former process. 

Phylogenetic conservation of a complex or a regulatory circuit does not necessa-

rily imply functional conservation (Shubin et al., 2009); however, given the funda-

mental role of the spliceosome and NMD, to which ASAP is most probably associated, 

it stands to reason that the functions of ASAP should be mostly conserved within eu-

karyotes. As a consequence, any insight on ASAP gained in simple model organisms, 

such as Schyzosaccharomyces pombe or Caenorhabditis elegans, should be generalisable to 

higher eukaryotes such as humans. 
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Figure 2-4: Hypotheses on the 
evolutionary origin of ASAP. A. 
In the figure a simplified model of 
the eukaryotic phylogenetic tree is 
depicted. If the root of the eu-
karyotic tree is placed between 
Unikonts and Bikonts + Excavata, 
Animals and Plants have the last 
eukaryotic common ancestor 
(LECA) as their concestor. There-
fore, ASAP must have been present 
in the LECA and has been inde-
pendently lost in Excavata. B,C. 
Two alternative hypotheses arise if 
the root of the eukaryotic phylo-
genetic tree lies between Excavata 
and the sister group Unikonts + 
Bikonts: either ASAP was present 
in the LECA and has been lost in 
Excavata except Trichomonas (B) or 
ASAP arose in the eukaryotic lin-
eage after the divergence of Exca-
vata, with RNPS1 and SAP18 be-
ing laterally transferred to Tricho-
monas (C). The date indicated for 
the emergence of the LECA is de-
rived from Cavalier-Smith, 2010b 
and is currently considered specu-
lative. The length of the tree 
branches is arbitrary and not re-
lated to evolutionary distance. Red 
tree branches in each model indi-
cate presence of ASAP. Abbrevia-
tions: LECA: last eukaryotic com-
mon ancestor; Gy: billions of 
years; LGT: lateral gene transfer; 
An.: animals; Pl.: Plants; Am.: 
Amoebozoa; Fun.: Fungi; Chr.: 
Chromalveolates; O.Ex.: Other 
Excavates; T.v.: Trichomonas Vagi-
nalis 
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The structure of SAP18 had been determined previously by NMR (McCallum 

et al., 2006). Nevertheless, I solved the crystallographic structure of SAP18 in order to 

obtain a search model suitable for phasing the structure of ASAP by molecular replace-

ment.  
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Full length SAP18 is prone to partial degradation, at both the N- and 

C-terminus, and is therefore not suitable for crystallisation. Indeed, as evidenced by the 

NMR structure by McCallum et al. (McCallum et al., 2006), both portions of the pro-

tein are flexible and presumably accessible to proteases.  Consequently, on the basis of 

limited proteolysis and multiple sequence alignments (Chapter 2.3 and Figure 2-1), I 

designed two constructs for crystallisation: SAP181-143 and SAP186-143. Both constructs 

were purified according to the protocol detailed in Materials and Methods and set up 

for crystallisation at the concentration of 45 mg/ml. Both SAP18 constructs yielded 

crystals within 2-4 weeks in a many crystallisation conditions. Most crystals grew be-

tween pH 6.0 and 7.0 using medium weight polyethylene glycol (PEG) as a precipi-

tant (PEG 2000 – 6000). Lithium and potassium were often present as cations. Crys-

tals were also found in conditions containing 2-methyl-2,4-pentanediol (MPD) or Jef-

famine M600 as precipitants. After optimisation, the best crystals were obtained from 

SAP181-143 in 96 well format, mixing 200 nl of protein with 200 nl of crystallisation 

solution consisting 40% MPD, 0.2 M sodium cacodylate pH 6.2 and 5% PEG 8000 

(Figure 2-5). The crystals were harvested with no additional cryoprotectant and a 

complete dataset was collected at the Swiss Light Source (SLS) beamline PX II, using 
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10% beam intensity (2 x1011 photons / second), 0.7 seconds exposure and 1 degree 

per frame. The detector was a MarCCD, set at a distance appropriate to capture reflec-

tions up to 1.8 Å of maximum resolution. The data were indexed and integrated in 

spacegroup C2 with iMOSFLM (Leslie, 1992). Subsequent data processing was carried 

out through the CCP4 interface (Collaborative Computational Project, 1994). The 

intensities were scaled with Scala (Evans, 2006) to a resolution of 1.9 Å. A 5% subset 

of reflections was flagged as test set for Rfree calculation. The quality of the data was as-

sessed with phenix.xtriage. Data processing statistics are shown in Table 2-1. The Mat-

thews coefficient (Kantardjieff and Rupp, 2003; Matthews, 1968) suggested that two 

SAP18 molecules were present in the asymmetric unit (ASU), with a predicted solvent 

content of 50%. The self rotation function (Rossmann and Blow, 1962) calculated 

through Polarrfn (Collaborative Computational Project, 1994) showed four peaks in 

the ! = 180 section, of which two were due to the crystallographic twofold axis, and 

two were consistent with the presence of two molecules related by a non crystallo-

graphic twofold axis in the ASU (Figure 2-6).   
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Figure 2-5: Native crys-
tals of SAP181-143-.  

A. The initial crystal ob-
tained in the crystallisa-
tion screen. B. The crys-
tals after optimisation. C. 
Diffraction obtained from 
the crystals in B. The red 
circle shows the 1.9 Å 
resolution range. RT: 
Room temperature. 

  

 

 

 

 

 

 

 

Table 2-1: Data collection statistics for SAP181-143. Values in parentheses correspond to the 
highest resolution shell. 

 

Dataset Native  

Space group C2 

Unit cell (Å) 
a = 95.42  b = 65.14  c = 61.61 
" = # = 90.00° $ = 119.40° 

Resolution (Å) 32.57-1.9 (2.0-1.9) 

Rmeas (%) 7.2 (40.1) 

Rpim (%) 2.5 (14.6) 

Observed (Unique) 193020 (28292) 

I/%(I) 14.4 (3.8) 

Completeness (%) 98.9 (100.0) 

Multiplicity 7.5 (7.5) 

Wavelength (Å) 0.978 



 33 

Figure 2-6: Self-rotation 
function calculated for 
SAP181-143. The self rotation 
function was calculated with 
Polarrfn in the CCP4 suite 
(Collaborative Computational 
Project, 1994) and is here 
shown for the section ! = 180°. 
Four peaks are clearly 
recognisable: the peaks at 
(& = 90, ' = 90) and 
(& = -90, ' = 90) are derived 
from the 2-fold axis of the C2 
spacegroup; the two peaks at 
(& = 0, ' = 67.5) and 
(& = 180, ' = 157.5) are due 
to a two-fold, 
non-crystallographic symmetry 
(NCS) axis and indicate the 
presence of a dimer in the ASU. 

 

 

Given the absence of anomalous scatterers in the crystal, phasing was attempted 

by molecular replacement, using as a search model either the NMR structure of SAP18 

(2HDE) (McCallum et al., 2006) or an ensemble of crystallographic structures of ubi-

quitin-like molecules. In all cases, disordered loops were manually removed from the 

search model prior to the search and non-identical side chains were truncated using the 

program Chainsaw (Stein, 2008). Molecular replacement was attempted with Phaser 

(McCoy et al., 2007), Balbes (Long et al., 2008) and MrBUMP (Keegan and Winn, 

2008), but proved unsuccessful. I therefore decided to attempt experimental phasing 

by selenomethionine derivatisation of SAP18. 
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Selenomethionine-derivatised proteins (SeMet proteins) are usually expressed in 

an E.coli strain auxotrophic for methionine (typically B834) using a synthetic, minimal 

medium supplemented with SeMet. The yield of SeMet SAP181-143 in these conditions 

was however too low, about 50 to 100 fold less than the one obtained with Terrific 

Broth (TB, Sambrook J et al., 1989) in the standard expression conditions. In collabor-

ation with John Weir, a fellow PhD student in the lab, we defined a new medium 

based on the work published by Sreenath et al., 2005. Sreenath and co-workers sup-

plemented the commonly used M9 minimal growth medium (Sambrook J et al., 1989) 

with vitamins, trace minerals and sugar. This allowed them to obtain yield of SeMet 

proteins comparable to the ones obtained for the native expression in TB. We modified 

their protocol in the following ways: (1) most of the additives used by Sreenath and 

colleagues are present in similar amounts in the commonly used and commercially 

available yeast nitrogen base (YNB). Therefore, instead of adding every component 

separately, we added YNB powder at the same concentration commonly used for 

Pichia pastoris (3.4 g/l); pH was then adjusted to 7.5 by addition of KH2PO4. (2) 

Sreenath et al. supplemented their medium with glucose and galactose, with the aims 

of improving growth rate and yield and endowing the medium with auto inducing 

capabilities. Being uninterested in the auto induction, we chose fructose as a post-

glucose carbon source, since it is cheaply available and allows the highest specific 

growth rate among common monosaccharides (Lendenmann and Egli, 1995). I will 

henceforth refer to the new selenomethionine derivatisation medium as LAMM (Levu-

lose augmented minimal medium). Further details about the composition of the 

LAMM medium are in Materials and Methods. The use of LAMM allowed to obtain 

yields of SeMet SAP18 comparable to those obtained in TB for the native protein. 
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SeMet incorporation was 100% as judged by electrospray/ionization (ESI/TOF 

(Domon and Aebersold, 2006)) total mass measurements (not shown). 

SeMet SAP181-143 and SeMet SAP186-143 were prepared according to the same 

protocol used for the purification of their native counterparts, with the only exception 

that the concentration of DTT used was increased from two to five mM in order to 

protect the Se atoms from oxidation; furthermore, 5-10 mM tris (2-carboxy-ethyl) 

phosphine · hydrochloride, pH 7.5 (TCEP) was added to the protein prior to crystalli-

sation. 
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SeMet SAP181-143 and SAP186-143 were set up for crystallisation at the concen-

tration of 30 mg/ml against sparse matrix crystallisation screens. For both protein con-

structs, crystals were obtained in conditions similar to those that had yielded native 

crystals. Additionally, crystals of SeMet SAP186-143 grew in presence of isopropanol or 

tert-butanol at slightly basic pH. All these crystallisation environments were sampled 

through systematic grid screens; the optimised crystals were also subjected to seeding. 

Eventually, the best crystals were obtained from SAP186-143 in 30% isopropanol and 

0.1 M bicine or 0.1 M HEPES pH 8.0. These crystals were cryoprotected by stepwise 

addition of MPD to a final concentration of 30%, flash cooled in liquid nitrogen and 

tested on beamline PXII of SLS (Figure 2-7). Two complete datasets were collected 

from two different, isomorphous SeMet crystals: one for phasing through Single An-

omalous Diffraction (SAD), and one to obtain higher resolution data (see Table 2-2 for 

details). The SAD dataset was collected at the selenium absorption edge 

(( = 0.9802 Å), with exposure time of 0.25 seconds, flux of 8.21 x 1010 pho-

tons/second, 0.5 degrees oscillation per image and inverted beam setup for a total of 
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360 degrees in two 180 degrees wedges. The native dataset was collected at the high 

energy remote (( = 0.9732 Å) with 0.25 seconds of exposure time, flux of 5.2 x 1011 

photons/second, 0.5 degrees oscillation per image and 360 consecutive frames. Both 

datasets were collected using a Pilatus detector. The maximum resolution at the edge of 

the detector was 1.5 Å for the SAD dataset and 1.2 Å for the high-resolution dataset.  

 

 

 

 

 

 

 

Figure 2-7: Optimisation of the SAP186-143 crystals. A. The initial hit. B. The optimised crystals 
that yielded the SAP186-143 structure. C. Diffraction pattern obtained from the crystals in B. The 
image has been cropped so that its edges correspond to a resolution of 1.7 Å on the detector. 
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Indexing with XDS (Kabsch, 2010) suggested a point group 222 and Bravais 

lattice I. Two enantiomorphic space group fulfil these requirements: I222 and 

I212121, which share the same general reflection conditions for non-centrosymmetric 

molecules and are therefore undistinguishable on the basis of intensity measurements 

alone (Hahn, 2005). A single copy of SAP18 is present in the ASU, with a solvent co-

efficient of 40%. The integrated datasets were imported into CCP4 through Combat 

(Collaborative Computational Project, 1994) and scaled using Scala (Evans, 2006), 

keeping anomalous pairs separated for merging statistics. The same subset of 5% of the 

reflections was flagged in each dataset as test set for the calculation of the Rfree. The 

useful resolution was 1.7 Å and 1.5 Å for the SAD and high-energy remote datasets 

respectively (see Table 2-2 and Table 2-3). Experimental phasing was carried out with 

the SHELX suite of programs (Sheldrick, 2008) using the hkl2map graphical interface 

(Pape and Schneider, 2004). Both the enantiomorphic space groups were used for the 

experimental phasing, with I222 being successful. After data preparation with 

SHELXC, SHELXD was used to search for 6 selenium atoms in the ASU; all six an-

omalous scatterers could be located, with site occupancies ranging from 1 to 0.33. After 

density modification with SHELXE, an experimental map of excellent quality could be 

derived (Figure 2-8). An initial model was built into the experimental map with 

Arp/wARP (Mooij et al., 2009a; Morris et al., 2002; Murshudov et al., 1997; Perrakis 

et al., 1999). This model was used as a starting point for manual building with Coot 

(Emsley et al., 2010) and refinement using phenix.refine (Adams et al., 2010) against 

the high resolution data. B factors were refined isotropically and geometry and torsion 

restraints were automatically optimised to yield the best Rfree using the wxc_ and 

wxu_optimise function of phenix.refine. Validation was carried out using Molprobity 
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(Davis et al., 2007) and the overall model quality was judged by phenix.polygon 

(Urzhumtseva et al., 2009) (Figure 2-9 and Table 2-4). Some samples of the refined 

electron density are shown in Figure 2-8. All the residues in SAP186-143 could be 

traced, including the non-native N-terminal GPDSM sequence derived from cloning 

and tag cleavage. In addition to the protein residues, 206 ordered water molecules, one 

MPD molecule and one isopropanol molecule could be placed in the model.  

 

 

Table 2-2: Data collection statistics for SAP186-143. Values in parentheses correspond to the 
highest resolution shell. 

 

Data collection statistics: SAD dataset High resolution dataset 
Space group I222 I222 

Unit cell (Å) 
a = 50.35 
b = 73.45 
c = 86.46 

a = 50.37, 
b = 73.63, 
c = 86.70 

Resolution (Å) 43.5-1.7 (1.8-1.7) 56.12 – 1.5 (1.6-1.5) 
Rmeas

 (%) 6.9 (59.9) 5.1 (59.3) 
Rpim (%) 3.7 (31.9) 2.7 (31.2) 

Observed 118961 (16713) 170479 (24317) 
I/%(I) 16.7 (3.4) 15.0 (3.7) 

Completeness (%) 98.7 (97.6) 98.9 (97.3) 
Multiplicity 6.7 (6.6) 6.6 (6.6) 

Wavelength (Å) 0.9802 0.9732 

 

Table 2-3: Distribution of the anomalous signal vs. resolution in the SAD dataset. 

 

Resolution (Å) 43.5 8.0 6.0 5.0 4.0 3.5 3.0 2.5 2.2 2.0 1.8 

N. of reflections 203 241 304 679 675 1198 2318 2570 2633 3930 6497 

<I/%I> 40.6 34.6 38.6 43.5 39.5 34.7 23.1 17.2 11.9 6.8 2.7 

Completeness (%) 94.9 93.4 96.8 95.6 97.0 97.2 97.0 97.3 96.9 96.7 94.8 

<d´´/%(d´´)> 2.91 3.27 2.69 2.21 1.96 1.85 1.61 1.3 1.12 0.94 0.82 
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Table 2-4: Refinement statistics for SAP186-143 

 

Refinement statistics  
Rwork (%) 18.2 
Rfree (%) 20.9 
Model statistics  

Protein residues 143 
Most favoured region (%) 99.4 
Allowed region (%) 0.6 
RMSD bonds (Å) 0.015 
RMSD angles (°) 1.45 
Average B factor 20.3 

Waters 206 
Average B factor (solvent) 40.0 

 

 

 

Figure 2-8: Sample of the experimental and refined 2Fo – Fc electron density maps for 
SAP186-143 A. Samples of two regions of the experimental electron densities calculated after density 
modification by SHELXE and contoured at 1.5!. B. The same regions of electron density after re-
finement. The residues fitting in the density are indicated in white.  
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Figure 2-9: Phenix.polygon output 
for SAP186-143.  

The output of phenix.polygon is pre-
sented, which compares the statistics of 
the structure of SAP186-143 with those 
of the structures in the PDB that have 
the same resolution (1.5 Å). The axes 
are defined as follows: for each param-
eter x, the values extracted from the 
structures in the PDB are plotted on a 
linear scale. The interval between xmin 
and xmax is then divided in equal size 
bins and the ratio Nbin/Nuniform is calcu-
lated for each bin. Nbin is the total 
number of structures in a given bin; 
Nuniform is the number of structures 
each bin would contain if the distribu-
tion were uniform (i.e., Nuniform = total 
number of structures/number of bins). 
The ratio Nbin /Nuniform therefore directly 

reflects the frequency of structures in the PDB whose value for the parameter x falls in a given bin. If 
one assumes that the PDB mostly comprises correctly refined structures, it is desirable that for each 
parameter, a newly refined structure should fall in the most populated bins. The colours on the axis 
represent the ratio Nbin /Nuniform: white: <0.1; red: <0.25; orange: <0.5; yellow: <1.0; green: <2.0; 
sky blue: <3.0; blue: <5.0. The black line connects the value measured for SAP186-143 on each axis. 
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The refined crystallographic model of SAP186-143 was used to solve the structure 

of SAP181-143 by molecular replacement. A search model in which disordered loops had 

been removed was used in Phaser (McCoy et al., 2007) to locate two molecules of 

SAP181-143 in the ASU.  The resulting electron map showed clear, continuous density 

in place of the loops that were missing in the search model, confirming that the mo-

lecular replacement solution was correct. Additionally, Cys 26 of each molecule in the 

ASU was connected by a bridge of electron density to the corresponding residue of a 

symmetry related mate, indicating the presence of a disulfide bond. After several cycles 

of manual building with Coot and refinement with phenix.refine, a model with good 

geometry and an Rwork / Rfree of 21.9% / 24.1% could be obtained (see Table 2-5 and 

Figure 2-10 for refinement statistics). To reduce model bias, after the first and second 

cycle of manual building, simulated annealing was performed using phenix.refine, to a 

final temperature of 3000 K and with heating and cooling steps of 100K.  Due to in-

trinsic disorder, not all the residues could be modelled in the final structure: for mol-

ecule A residues 1-141 could be confidently traced; for molecule B, only residues 1-12, 

16-95 and 100-141 displayed a clear electron density. In addition, several side chains 

were disordered in the structure: atoms that could not be confidently located in the 

electron density were set to zero occupancy. 
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Figure 2-10:  

Output of phenix.polygon for  

SAP181-143.  

 

 

 

 

 

 

 

 

 

 

Table 2-5: refinement statistics for SAP181-143 

 

Refinement statistics  

Rwork (%) 21.9 

Rfree (%) 24.1 

Model statistics  

Protein residues 286 

Most favoured region (%) 99.2 

Allowed region (%) 0.8 

RMSD bonds (Å) 0.007 

RMSD angles (°) 0.95 

Average B factor 68.3 

Waters 112 

Average B factor (solvent) 60 
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The structures of SAP181-143 and SAP186-143 perfectly superpose in the core 

fold (residues 16-143), with a root mean square deviation (RMSD) over all atoms of 

0.47 Å as calculated by the Fold tool (Krissinel and Henrick, 2004) on the PDBe 

(Velankar et al., 2010) web server (Figure 2-11 A). In each structure, residues 1-16 are 

differently oriented in space, as dictated by the needs of crystal packing. Comparison 

with the NMR structure reveals that the core fold is conserved, although the distances 

and orientation of the secondary structure elements differ slightly, yielding an RMSD 

of 2.2 Å. Such difference can be ascribed to ‘breathing’ motions of the molecule in so-

lution, where the secondary structure elements wobble and oscillate due to thermal mo-

tion, resulting in an intrinsic conformation variability of the molecule (Lange et al., 

2008).  

 

81817 *B,)ML$,%H605#)-.)K!;2>)6#)B,+4)60)<+&',)"F)&)N+-'IO)#$%5'$5%,1)

 

In the NMR structure, residues 6-28 are disordered, as highlighted by the 

superposition of all the structures in the NMR ensemble (Figure 2-11 B). In contrast, 

in the crystal structures of SAP18 determined in the present work, residues 16-28 fit 

against the loop between the sheet $2 and the helix "2, in addition to forming a polar 

interaction with the loop connecting sheets $4 and $5 (Figure 2-12. See Figure 2-26 

for a topology scheme of SAP18). This conformation is stabilised by (1) a stacking 

interaction between Arg22, Trp61 and Pro27, which I will refer to as “lock” and (2) a 

polar interaction between Arg22 and Glu68, which cements the N-terminus in its cur-

rent position. Additionally, Gln123 and Asp63 form hydrogen bonds with the carbonyl 

oxygen of Lys18 and the nitrogen of Ile20 respectively. The interface is then completed 
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by the interaction between the side chain of Glu17 and Thr121. All the residues involved 

in this interaction are highly conserved in eukaryotes, with the exception of Gln123 

(Figure 2-1), arguing that their function is crucial for SAP18. Indeed, this locking of 

the N-terminus is necessary to properly shape the surface of SAP18 that is involved in 

the interaction with ASAP (see section 2.3.7). This N-terminal lock is not observed in 

any of the structures of the NMR ensemble: Trp61, Arg22 and Glu68 are all exposed to 

the solvent (Figure 2-12). The discrepancy could reflect either true conformational 

freedom for these residues of SAP18 or the inability of the minimisation protocols used 

in NMR structure solution to computationally capture the stacking interaction. 

 

 

Figure 2-11: The NMR and crystal structures display differences in the N-terminal region. A. 
Superposition of the C"  traces from the structures of SAP181-143 (blue), SAP186-143 (orange) and 
the previously reported NMR structure (green). The two crystal structures superpose with RMSD 
of 0.47 • in the region 12-143, but diverge in the region 1-12. The NMR structure, while main-
taining the same overall fold, superposes with a RMSD of 2.2 •, due to a higher conformational 
freedom. N and C indicate the position of the N- and C-termini respectively. B. Superposition of 
all the 20 structures in the NMR ensemble: the NMR structure displays high conformational varia-
bility at the N- and C-termini and in the loops between residues 40-54 and 92-103.  


