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1 Introduction 

1.1 The Lsm proteins: Ring architectures for RNA capture 

1.1.1 Introduction: life cycle of mRNA 

It is today recognised that the vast majority of the cellular pool of RNA (nearly 98 % 

in humans) comprises non-coding RNA (ncRNA) species (Mattick 2001), with only 

a small proportion serving as direct template for protein synthesis. The diverse 

ncRNA forms are themselves capable of function, involved in a plethora of tasks 

such as protein scaffolding, cis and trans regulatory roles and catalysis (Lilley 2005; 

Mattick and Makunin 2006). Many of these functions are carried out in tight 

partnership with specific ancillary proteins within large ribonucleo-protein 

complexes (RNPs) (Eddy 2001).  

 

Various types of ncRNA, as well as RNPs containing tRNA, rRNA or snRNA, 

directly interact with mRNA at different stages of its life. Figure 1.1 presents an 

overview of the maturation of pre-mRNA and the fate of the mRNA generated. Pre-

mRNA initially undergoes modification to enhance its stability: a 5’ methyl 

guanosine (m7G) cap added during transcription (Wen and Shatkin 1999) and a 

poly(A)-tail placed in the 3’ region by the polyadenylation machinery (Proudfoot et 

al. 2002; Balbo and Bohm 2007). Following initiation of spliceosomal assembly by 

recruitment of core particles in the cytoplasm, non-coding introns are spliced from 

the pre-mRNA sequence by the mature spliceosome in the nucleus (Crick 1979; 

Pozzoli et al. 2002). This multi-megadalton complex itself contains 170 protein 
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components and various types of snRNA, rivaling the ribosome in molecular 

complexity (Wahl et al. 2009).  

 

Within the spliceosome, several distinct small nuclear RNP (snRNP) core complexes 

each contain snRNA organised around specific ring-structured protein assemblies. 

For those known as U1-, U2-, U4- and U5-snRNPs, these ring scaffolds are provided 

by members of the Sm protein family (Luhrmann et al. 1990), recruited to their 

specific snRNA partners in the cytoplasm at a distinct Sm-site of bases (Urlaub et al. 

2001; Peng and Gallwitz 2004). The core snRNPs are reimported into the nucleus for 

further processing and spliceosome assembly (Will and Luhrmann 2001; Patel and 

Bellini 2008). In contrast, U6 snRNA is first modified within the nucleoli and then 

engages with a related protein ring, in this case containing Lsm (“Sm-like”) proteins 

Lsm2-Lsm8. Together with the U1-U5 particles, the U6 snRNP is translocated to 

Cajal bodies for formation of the U4/U6*U5 tri-snRNP (Patel and Bellini, 2008). 

The mature snRNPs eventually assemble on pre-mRNA for intron removal steps 

(Will and Luhrmann 2001; Patel and Bellini 2008). Following excision of introns, 

mRNA enters the cytoplasm via the nuclear pore complex to be either translated or 

degraded. In eukaryotes, two pathways are utilised for mRNA decay: i) 3’-to-5’ 

degradation by the exosome or ii) 5’-decapping, followed by 5’-to-3’ exonuclease 

degradation (Garneau et al. 2007). In either event, decay is initiated by shortening of 

the poly(A)-tail by deadenylases (Tucker et al. 2001; Garneau et al. 2007; Nissan et 

al. 2010). Protein machinery required for the 5’-decapping pathway is found enriched 

in cytoplasmic foci known as processing or P-bodies (Sheth and Parker 2003), which 

appear to control the sorting and storage of mRNA. Within P-bodies, a specific 

assembly of Lsm proteins (Lsm1-Lsm7) and ancilliary protein factors expedites 
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mRNA decapping and subsequent breakdown by ribonuclease (Nissan et al. 2010). 

While the extent to which mRNA decay is restricted to P-bodies is unclear, 

sequestered mRNA species are observed to leave P-bodies and may re-enter 

translation (Brengues et al. 2005).  

 

1.1.2 Functional roles for Lsm proteins 

Sm and Lsm proteins are known to interact with a diversity of RNA partner species. 

Specific RNA sequences recognised by various Lsm complexes include the Sm-site 

(A2U5GA) (Raker et al. 1999), U-rich stretches at the 3’ end of oligoadenylated 

mRNA (Chowdhury et al. 2007) and RNA polymerase III transcripts, including 

snRNA (Achsel et al. 1999).  Other binding partners include snoRNA (Kufel et al. 

2003), P RNA (Kufel et al. 2002), tRNA (Kufel et al. 2002) and rRNA (Kufel et al. 

2003). Depletion of Lsm proteins 2-5 and 8 in yeast results in defects in post-

transcriptional processing of tRNA, P RNA, rRNA, snoRNA and snRNA precursors 

(Kufel et al. 2002; Kufel et al. 2003a; Kufel et al. 2003b). Yet only minor (or no) 

effects are observed on depletion of Lsm6 and Lsm7. A summary of some specific 

Lsm-ncRNA interactions is presented in Table 1.1. 

 

The Lsm2-Lsm8 complex plays a key role in U6 snRNA maturation, so impacting on 

the formation of spliceosomal snRNPs (Karaduman et al. 2006). U6 snRNA is the 

most conserved of all snRNA species and key to the catalytic activity of the
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Figure 1.1| Lifecycle of mRNA from transcription to decay. 
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Table 1.1| Lsm binding interactions with ncRNA 

RNA 
species 

Lsm  
function  Selected experimental evidence References 

snRNA assembly,  
processing  
 
 
 
 
 
 
and nuclear  
localisation  

Lsm2-8 binds 3’ end of U6 snRNA  Achsel et al. 1999 
Lsm2-8 initiates structural 
rearrangements of U6 snRNA 

Karaduman et al. 
2006; 2008 

Depletion of Lsm2-Lsm8 results in 
splicing defects 

Mayes et al. 1999 

Splicing activity recovered through 
recombinant Lsm proteins 

Verdone et al. 
2004 

Lsm2-8 localises U6 snRNA to the 
nucleus 

Spiller et al. 2007 

tRNA splicing,  
3’ and 5’ 
end-
processing 

Accumulation of unprocessed pre-
tRNA and reduced La/Lhp1 binding 
upon Lsm2-Lsm5 and Lsm8 
depletion 

Kufel et al. 2002 
 

Direct interaction of Lsm3 with tRNA 
and its splicing factors 

Fromont-Racine et 
al. 1997 

P RNA chaperone  Depletion of Lsm2-Lsm5 and Lsm8 
reduces pre-PRNA levels 

Mayes et al. 1999 

Reduced La/Lhp1 binding upon 
Lsm2-Lsm5 and Lsm8 depletion 

Kufel et al. 2002 
 

Lsm2-Lsm7 proteins coprecipitate 
with pre-PRNA 

Salgado-Garrido et 
al. 1999 

rRNA 3’ and 5’ 
end-
processing  

Depletion of Lsm2-Lsm5 and Lsm8 
delays pre-rRNA processing and 
increases rRNA decay rate 

Kufel et al. 2003b 
 

Pre-rRNA coprecipitates with Lsm3 
but not Lsm1 

Kufel et al. 2003b 

Deletion of Lsm6 and Lsm7 genes 
impairs 20S pre-rRNA processing 

Li et al. 2009 

snoRNA 3’ end-
processing  

Lsm2-Lsm5 and Lsm8 depletion 
results in U3-snoRNA degradation 
and loss of its 3’ extended precursor 

Kufel et al. 2003a 
 

Reduced La/Lhp1 binding upon 
Lsm3 or Lsm5 depletion  

Kufel et al. 2003a 

Lsm2-Lsm7 but not Lsm1 or Lsm8 
coprecipitate with snR5 snoRNA 

Fernandez et al. 
2004  

Lsm2-4 and 6-8 but not Lsm5 
coprecipitate with U8 snoRNA 

Tomasevic and 
Peculis, 2002 
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spliceosome (Brow 2002). Newly transcribed U6 pre-snRNA is targeted to the 

nucleoli following binding of the La protein (Lhp1 in yeast) at its U-rich 3’ region 

(Wolin and Cedervall 2002).  Following cyclic phosphorylation, the La (or Lhp1) 

protein is displaced from the U6 snRNA by the Lsm2-Lsm8 assembly (Achsel et al. 

1999; Licht et al. 2008), which induces conformational changes that stimulate 

binding of a recycling factor (p110 or Prp24) (Rader and Guthrie 2002; Ryan et al. 

2002; Karaduman et al. 2006). These conformational changes have been suggested to 

assist in the formation and recycling of the U4/U6 di-snRNP by exposing single 

stranded nucleotides for base pairing (Beggs 2005; Karaduman et al. 2006; 

Karaduman et al. 2008). The Lsm2-Lsm8 complex is also implicated in decapping 

steps of mRNA in the nucleus. This was suggested by the finding that Lsm6 and 

Lsm8 were required for nuclear mRNA decay (Kufel et al. 2004). 

 

A specific role for Lsm1-Lsm7 concerns activation of mRNA decay in P-bodies; 

depletion of individual yeast Lsm proteins results in the accumulation of capped, 

oligoadenylated mRNA transcripts (Boeck et al. 1998; Bonnerot et al. 2000; 

Bouveret et al. 2000; Tharun et al. 2000). This specific Lsm complex is recruited 

alongside other decay factors to U-rich tracts by the protein Pat1, after its 

displacement of cap-binding translation factors (Parker and Sheth 2007). It is likely 

that Pat1 and Lsm1-Lsm7 are then involved in subsequent activation of the Dcp1-

Dcp2 enzyme (Nissan et al. 2010). A variety of studies have demonstrated the 

interaction of Lsm1-Lsm7 with decapping factors and exoribonuclease Xrn1 

(Bonnerot et al. 2000; Bouveret et al. 2000; Tharun et al. 2000; Coller et al. 2001). 

 



Introduction                                                                                                                             7 
 
 

In contrast to its enhancement of mRNA decay, however, the Lsm1-Lsm7 complex 

can also protect mRNA against 3’ end trimming (He and Parker 2001). This may 

involve steric hindrance of nuclease attack at mRNA locations on which Lsm1-Lsm7 

and Pat1 proteins are bound. 

 

1.1.3 Specific functions of bacterial Hfq  

 

Bacterial Hfq is observed to interact with bacterial sRNA and so promote the 

formation of sRNA-mRNA complexes (Wassarman et al. 2001; Gottesman and Storz 

2010). Bacterial sRNAs are small non-coding RNA species (50-500 nucleotides), 

which regulate gene expression via base pairing with mRNA transcripts in a similar 

mechanism to eukaryotic siRNA or miRNA (Storz et al. 2004; Majdalani et al. 2005; 

Livny and Waldor 2007; Gottesman and Storz 2010). Hfq controls gene expression 

either by rearranging the RNA secondary structure, or by increasing the 

concentration of RNA locally to promote RNA-RNA interactions (Moll et al. 2003; 

Lease and Woodson 2004; Afonyushkin et al. 2005). A similar mode of binding to 

sRNA was recently observed for the archaeal Lsm from Haloferax volcanii (Fischer 

et al. 2011).  

 

As for the eukaryotic Lsm proteins, Hfq is required for deadenylation-dependent 

mRNA decay. An RNase E-Hfq-sRNA complex is thought to function in 

translational repression and subsequent mRNA destabilisation and degradation 

(Morita et al. 2005; Morita et al. 2006). Additional functions of Hfq include ATPase 

activity (Sukhodolets and Garges 2003), cellular stress response and modulation of 
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virulence in some bacterial strains (Tsui et al. 1994; Fantappie et al. 2009; Liu et al. 

2010). Interestingly, the virulence of the multi-drug resistant human pathogen S. 

aureus was decreased in Hfq-deletion strains (Liu et al. 2010).  

 

1.1.4 Lsm proteins in human disease and viral replication 

 

Aberrations in functions of Lsm proteins have been associated with a number of 

human diseases. Sm proteins are known to be targeted by auto-antibodies in systemic 

lupus erythematosis (Lerner and Steitz 1979). In fact, the proteins were first 

identified in nuclear extracts of a patient suffering from this disease (Lerner and 

Steitz 1979). A mutation of the SMN gene resulting in diminished assembly of 

snRNPs is the cause of spinal muscular atrophy (Lefebvre et al. 1995; Wan et al. 

2005). Three Lsm proteins (Lsm1, Lsm3 and Lsm7) have now been directly 

connected to different cancer types. Lsm1 (also named cancer associated Sm-like 

protein, CaSm) was upregulated in pancreatic, prostate and breast cancer, as well as 

in several cancer-derived cell lines (Schweinfest et al. 1997; Fraser et al. 2005; 

Streicher et al. 2007). Remarkably, overexpression of antisense Lsm1 has been 

demonstrated to promote tumor reduction (Kelley et al. 2000; Kelley et al. 2001; Yan 

et al. 2006). Elevated levels of Lsm7 have been identified in malignant thyroid 

tumors, and a reduction in Lsm7 expression was observed in breast cancers (Conte et 

al. 2002; Rosen et al. 2005). The copy number and expression for the Lsm3 gene was 

found to be elevated in cervical cancer (Lyng et al. 2006).  
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Some observed functions for Lsm proteins in viral replication underline their 

functional diversity, as well as functional conservation throughout the domains of 

life.  Bacterial Hfq was initially described as a host factor required for phage Qß 

replication (Franze de Fernandez et al. 1968). A role for Lsm1 as an effector of HIV 

replication has been reported (Chable-Bessia et al. 2009).  It has also been suggested 

more recently that positive-strand RNA viruses may directly bind to the host Lsm1-7 

protein complex via tRNA-like structures and A-rich stretches, so diverting normal 

mRNA regulation (Galao et al. 2010). The requirement of host Lsm proteins for the 

replication of this class of virus has additionally been demonstrated in plant brome 

mosaic virus (Diez et al. 2000; Noueiry et al. 2003; Mas et al. 2006) and human 

hepatitis C virus (Scheller et al. 2009).  

 

1.1.5 Phylogeny of Lsm protein sequences 

The Lsm proteins recur as molecular chaperones for RNA during the many steps of 

its processing, sorting and regulation (Beggs 2005). While Sm proteins were first 

found enriched in a patient with systemic lupus erythematosis (Lerner and Steitz 

1979), the wider protein family has since been described across all domains of life 

(Beggs 2005; Ma et al. 2005). Members include eukaryotic Lsm (Salgado-Garrido et 

al. 1999), Sm (Kambach et al. 1999) and SMN/Gemin proteins (Selenko et al. 2001; 

Ma et al. 2005), archaeal Lsm proteins (Collins et al. 2001), the bacterial protein Hfq 

(Schumacher et al. 2002) and a recently identified Lsm homolog of cyanophage 

origin (Das et al. 2009). Eukaryotic genomes can contain up to 16 Lsm and 7 Sm 

proteins (Albrecht and Lengauer 2004), yet 2-3 Lsm proteins are generally encoded 

in archaea (Collins et al. 2001; Toro et al. 2002; Mura et al. 2003) and only a single 
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form is evident in bacteria and cyanophage (Schumacher et al. 2002; Das et al. 

2009).  

 

A characteristic feature of the Lsm proteins is their natural tendency to form ring-

shaped quaternary complexes, each of a precise composition related to cellular 

location and RNA target (Beggs 2005; Spiller et al. 2007). In prokaryotes and 

archaea, homomeric complexes of six or seven Lsm protomers appear to be 

functional, whilst discrete heteromeric assemblies of seven distinct Lsm proteins are 

found in eukaryotes. The individual Lsm proteins vary in size from 8-25 kDa (78-

240 amino acids); representative sequences are depicted in Figure 1.2. Within each, a 

bipartite consensus sequence (designated Sm1 and Sm2 motifs) can be identified. 

These motifs arise from strands β1-β3 and β4-β5 of the core β-sheet structure, 

respectively. A variable stretch of residues between these conserved segments is 

created by a surface-exposed interconnecting loop (Kambach et al. 1999; Collins et 

al. 2001).  

 

The N- and C-terminal tail regions of each Lsm sequence are often highly charged 

and differ markedly between members; these are considered to provide contact points 

for additional protein or RNA interactions (Reijns et al. 2008; Reijns et al. 2009; 

Weber et al. 2010). In the case of the eukaryotic Lsm1 and Lsm4 proteins, these tail 

segments are notably elongated. 
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The most highly conserved sequence segments across the Lsm family include 

specific amino acid sidechains implicated in RNA-binding. These are localised to 

two specific loop features, as outlined in Figure 1.2. For archaeal and eukaryotic Lsm 

proteins, sequence motifs Asp-x-φ-φ-Asn (φ = hydrophobic) and Arg-Gly-(Asp) 

(Kambach et al. 1999; Collins et al. 2001; Toro et al. 2001) are characteristic of 

loops L3 and L5, respectively. 

 

In bacterial Hfq, these RNA-binding segments occur as Asp-x-φ-φ-φ (L3) and Tyr-

Lys-His (L5) (Schumacher et al. 2002). For this bacterial ortholog, a highly 

conserved Gln residue on the N-terminal α-helix is also implicated in RNA-binding 

(Schumacher et al. 2002).  

 

Overall, the bacterial protein Hfq shows little sequence conservation with its archaeal 

and eukaryotic orthologs, yet the archaeal and eukaryotic Lsm proteins share some 

limited sequence similarity (>20 %). The following Lsm-Sm protein paralogs are 

identifiable: Lsm1-SmB, Lsm2-SmD1, Lsm3-SmD2, Lsm4-SmD3, Lsm5-SmE, 

Lsm6-SmF, Lsm7-SmG, Lsm8-SmB (Fromont-Racine et al. 2000). These specific 

sequence relationships suggest the eukaryotic Lsm proteins to have evolved from a 

common archaeal ancestor in two waves (Khusial et al. 2005; Veretnik et al. 2009). 

A first gene duplication event likely created eight distinct Lsm proteins, from which 

later evolved the Sm protein group. The diversity of biological activities of Lsm 

proteins compared to their more specialised Sm counterparts supports this two-step 

evolution model (Beggs 2005; Khusial et al. 2005).  
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Figure 1.2| Structure-based Lsm protein sequence alignment. Sequences displayed are for S. cerevisiae Lsm3 (yLsm3; PDB 3BW1), H. 

sapiens Lsm3 (hLsm3), S. cerevisiae SmD2 (ySmD2), human SmD2 (hSmD2; PDB 1B34), M. thermoautotrophicum Lsmα (MtLsmα; 

PDB 1I81) and E. coli Hfq (EcHfq; PDB 1HK9). Shaded residues represent areas with ≥ 80 % sequence identity. Secondary structure 

assignment is based on the crystal structure of yLsm3 (Naidoo et al. 2008). Red bars indicate conserved residues implicated in RNA 

binding. # indicates additional truncated residues not displayed. Boxed insert shows organisation of other Lsm multidomain proteins: AD, 

anticodon binding domain; MTD, methyl transferase domain; DFDF, DFDF-x(7)-F containing domain; FFD, Y-x-K-x(3)-FFD-x-(IL)-S 

containing motif; TFG, [RKH]-x(2-5)-E-x(0-2)-[RK]-x(3-4)-[DE]-TFG containing domain. CTD, C-terminal domain2. 



Introduction                                                                                                                             13 
 

The presence of up to three Lsm proteins in archaea, as well as an Hfq-like protein in 

archaeal M. jannaschii, further supports a common ancestor of eukaryotic and 

archaeal Lsm proteins (Fischer et al. 2011).  

 

A few multidomain proteins incorporating Lsm components have been observed 

(summarised, Figure 1.2). Lsm12 includes t-RNA and methyltransferase domains 

(Albrecht and Lengauer 2004), and Lsm13, Lsm14 and Lsm15 all contain a central 

DFDF-x(7)-F domain (Albrecht and Lengauer 2004; Anantharaman and Aravind 

2004). Lsm16 features a remarkably disrupted Lsm variant (lacking both the N-

terminal α-helix and a complete β4 strand) in addition to FDF and YjeF-N domains 

(Albrecht and Lengauer 2004; Tritschler et al. 2007). This protein is suggested to be 

dimeric in solution (Ling et al. 2008). The archaeal protein PaeSm3 contains an 

Lsm-like domain in addition to a C-terminal domain of unknown function adopting 

an α/β-fold (Mura et al. 2003).  

 

1.1.6  Structures of Lsm protein ring complexes 

Crystal structures of Lsm and Sm proteins from diverse sources today provide many 

high-resolution views of the ring morphology of their assemblies. As shown in 

Figure 1.3, Lsm rings have been observed to range between 58-75 Å in diameter and 

to contain a central pore of 6-15 Å. Some crystal structures solved to date (Table 1.2) 

have been obtained in the presence of specific RNA partners. The recent solving of 

the human U1-snRNP structures containing the Sm assembly bound together with U1 
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Figure 1.3| Selected crystal structures solved for Lsm assemblies. A) Pentamer, 

cyanophage ECX21941 (PDB 3BY7) 60 Å ring, 9 Å pore. B) Hexamer, of C. parvum 

Lsm5 (PDB 3PGG) 60 Å ring, 10 Å pore. C) Hexamer, S. aureus Hfq (PDB 1KQ1) 

65 Å ring, 11 Å pore. D) Hexamer, A. fulgidus Sm2 (PDB 1LJO) 58 Å ring, 6 Å pore. 

E) Hexamer, A. fulgidus Sm2 (PDB 1LJO) 58 Å ring, 6 Å pore. F) Heptamer, A. 

fulgidus Sm1 (PDB 1I4K) 65 Å ring, 13 Å pore. G) Heptamer, M. 

thermoautotrophicum Lsmα (PDB 1I81) 65 Å ring, 10-15 Å pore. F) Heptamer, S. 

cerevisiae SmF (PDB 1N9R) 65 Å ring, 10-15 Å pore. H) Octamer, S. cerevisiae 

Lsm3 (PDB 3BW1) 75 Å ring, 15 Å pore. 
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Table 1.2| Crystal structures solved for Lsm assemblies (to 2010) 

 Proteina PDB 
ID 

Resolution 
(Å) Organism Reference 

H
exam

eric 

HsSmD3B 1D3B 2.00 H. sapiens Kambach et al. 
1999 

SaHfq 1KQ1 1.55 S. aureus Schumacher et al. 
2002 

SaHfq* 1KQ2 2.71 S. aureus Schumacher et al. 
2002 

AfSm2 1LJO 1.95 A. fulgidus Toro et al. 2002 
EcHfq 1HK9 2.15 E. coli Sauter et al. 2003 
PaHfq 1U1S 1.60 P. aeruginosa Nikulin et al. 2003 
PaHfq 1U1T 1.90 P. aeruginosa Nikulin et al. 2003 
MjSm 2QTX 2.50 M. jannaschii Nielsen et al. 2007 
CpLsm5 3PGG 2.14 C. parvum Vedadi et al. 2007 
AHfq 3HFN 2.31 Anabena sp. Boggild et al. 2009 
EcHfq* 3GIB 2.40 E. coli Link et al. 2009 
SHfq 3HFO 1.30 Synchocystis sp. Boggild et al. 2009 

PaH57THfq 3INZ 1.70 P. aeruginosa Moskaleva et al. 
2010 

PaH57AHfq 3M4G 2.05 P. aeruginosa Moskaleva et al. 
2010 

BsHfq 3HSB 2.20 B. subtilis Someya et al. 
20103 

H
eptam

eric 

MtLsmα 1I81, 
1MGQ 

2.00,  
1.70 

M. 
thermoautotrophicum Collins et al. 2001 

PaeSm1 1I8F 1.75 P. aerophilum Mura et al. 2001 
AfSm1 1I4K 2.50 A. fulgidus Toro et al. 2001 
AfSm1* 1I5L 2.75 A. fulgidus Toro et al. 2001 

MtLsmα 1JBM 1.85 M. 
thermoautotrophicum Mura et al. 2003b 

PaeSm1 1JRI 1.75 P. aerophilum Mura et al. 2003b 
PaeSm1 1LNX 2.05 P. aerophilum Mura et al. 2003b 
PabSm1 1H64 1.90 P. abysii Thore et al. 2003 
PabSm1* 1M8V 2.60 P. abysii Thore et al. 2003 
PaeSm3 1M5Q 2.00 P. aerophilum Mura et al. 2003a 

PaeSm1 1LOJ 1.90 M. 
thermoautotrophicum Mura et al. 2003b 

ScSmF 1N9R 2.80 S. cerevisiae Collins et al. 2003 
ScSmF 1N9S 3.50 S. cerevisiae Collins et al., 2003 
SsSm1 1TH7 1.68 S. solfataricus Kilic et al. 2005 

U1-snRNP* 3CW1 5.49 H. sapiens Pomeranz Krummel 
 et al. 2009 

U1-snRNP* 3PGW 4.40 H. sapiens Weber et al. 2010 

O
ther 

CphLsm 3BY7 2.60 Cyanophage Das et al. 2009  
ScLsm3 3BW1 2.50 S. cerevisiae Naidoo et al., 2008 
PfuQ8TZN2b 1YCY 2.80 P. furiosus Huang et al. 2004c 

aProteins are named by the first letters of the species, followed by the type of protein. 
Asterisked entries indicate structures solved in the presence of RNA.  
bHypothetical protein adopting an Lsm fold. 
cStructure deposited without supporting publication. 
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snRNA and proteins U1-70K and U1-A have been significant and exciting advances 

(Pomeranz Krummel et al. 2009; Weber et al. 2010). These provide the first 

molecular detail of L/Sm rings bound to the highly intertwined protein-RNA network 

within RNP complexes.  

 

Within the various Lsm ring assemblies, each protomer occurs as a highly bent five-

stranded antiparallel  β-sheet overlaid in most cases by an N-terminal α-helix (Figure 

1.4A). The pronounced twist of the β-sheet aligns strand  β5 against β1, so forming 

an SH3-type barrel loosely related to the OB-fold (Kambach et al. 1999; Collins et 

al. 2001). Strands β4 and β5 each present on opposite ends of the module, so 

providing interaction sites for adjacent Lsm subunits via β4-β5’ pairing (Figure 1.4). 

Stacking of five to eight protomers in such a manner ultimately results in the 

formation of the toroid assembly characteristic of all Lsm assemblies (Figure 1.4).  

 

Within this ring organisation, the N-terminal amphipathic α-helices of each Lsm 

component are gathered across one face of the toroid, from which also project the 

unstructured N- and C-terminal extensions. The opposite face of the ring, named the 

distal face, is predominantly composed of residues of the variable loop L4 segments. 

All the Lsm ring structures (across eukarya, archaea and bacteria) reveal clusters of 

positively charged residues lining the internal pore, as well as pronounced positive 

elements on the distal face (Toro et al. 2001; Brennan and Link 2007; Naidoo et al. 

2008).  
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The body of structural data adds to biochemical understanding concerning L/Sm-

RNA interactions, and distinct RNA sites within the protein oligomer. These include 

i) a binding site within the lumen of the ring, ii) an external contact site on the helix 

face and iii) residues located on the distal face of the complex (Figure 1.4). The first 

of these sites engages residues from loops L3 and L5, contributed from all Lsm 

components to create a nucleotide-binding pocket running around the inner rim 

(Weber et al. 2010). The specific architecture and repeated circular location of these 

specific, highly conserved, sidechains enables one nucleotide base to be bound per 

L/Sm protomer. Crystal structures of archaeal and bacterial Lsm complexed with 

RNA clearly show the oligonucleotides to be threaded around this rim of the toroid 

(Toro et al. 2001; Schumacher et al. 2002). Each binding “slot” allows specific base 

stacking to a hydrophobic sidechain of loop L3, as well as contact with the signature 

Arg residues of loop L5 and H-bonding with Asn residues (strand β4). Further 

electrostatic contacts (involving conserved Asp (strand β2), Arg (loop L5) and Gly 

(loop L5) residues) enhance the stability of the Lsm-RNA complex (Toro et al. 

2001). Figure 1.5 displays these relevant binding interactions for U5 within the lumen 

site of archaeal AfSm1. 

 

An external contact site for RNA at the helix face of the Lsm toroid (site ii) is 

suggested by the crystal structure of PaSm1 bound with U7 oligonucleotide (Thore et 

al. 2003). In this case, each of two sandwiched Lsm rings engage two nucleotides at 

the N-terminal α-helix (Arg, His) and strands β2 (Tyr) via base stacking and H-

bonding.  
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A third distinct RNA-binding site (iii) is likely unique to the bacterial Hfq assembly, 

and its tripartite form has been detailed in the crystal structure of Hfq bound to 

poly(A) RNA (Link et al. 2009). The protein Hfq engages poly(A) sequences on its 

distal face via specific residues exposed from strands β2 and β4. There is, however, 

no evidence for poly(A) binding by eukaryotic Lsm proteins. In the structure of the 

Hfq/RNA complex, RNA contacts include electrostatic interactions from Lys (strand 

β2) and Gln (strand β4) sidechains, as well as stacking of bases between Tyr, Leu 

(strand β2) and Leu and Ile (strand β2’) of adjacent subunits.  It is in this region of 

the toroid that sequence variability of the loop L4 across the Lsm family results in 

non-conservation of distal face chemistry, so explaining the unique binding 

properties of Hfq.  

 

Within the crystal structures of the human U1-snRNP complex, multiple RNA 

interactions made by the ring of Sm proteins include binding sites i) and ii) outlined 

above (Weber et al. 2010). However, the U1-snRNP structure also clearly 

demonstrates the role of the Sm sequence extensions and loop regions as additional 

interaction sites, particularly the C-terminal extensions of SmD3 and SmB.  In the 

lumen of the toroid (i.e. site i), snRNA threads to stack single nucleotides of the Sm 

site against the key loop L3 and L5 residues, noteably the aromatic sidechains.  From 

the helix face of the ring are projected residues of the N-terminal α-helix and loop 

L3 of SmD2, forming an external contact site (reminiscent of site ii) that guides the 

snRNA into the ring pore. 
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β3 

β4 

β5 
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Figure 1.4| Lsm fold and quaternary structure. Ribbon diagrams of MtLsma (A, B; PDB 1I81) are displayed. A) Dimer interface of 

MtLsmα. Chain A is represented in green, chain B in blue. Residues involved in hydrophobic packing at the dimer interface (Chain A: 

Ile27, Val77, Tyr78 of chain A; Chain B: Leu 30, Phe36, Leu66, Val69, Ile71) are shown in stick representation. B-C) Top and side 

view of heptameric MtLsmα. D) Homo-heptameric MtLsmα (PDB 1I81) E) homooctameric yeast Lsm3 (PDB 3BW1). Space filled 

models highlight in red conserved residues implicated in RNA binding: Asp in β2, Asn in L3, Arg and Gly in L5. 
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Figure 1.5| Three general sites for RNA binding within specific examples of Lsm complexes. Site i) AfSm1 (PDB 1I5L) bound to U5 RNA 

viewed from helix face. Site ii) Two PaSm1 (PDB 1M8V) heptamers are bridged by a uridine heptamer. Site iii) EcHfq (PDB 3GIB) bound 

to poly(A) viewed from distal face. U1-snRNP) Figure includes side view of the Sm-core of the human U1 snRNP structure (PDB 3PGW).  
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Residues from the loop L2 regions of SmD1 and SmD2 appear to guide RNA out 

from the Sm ring. Protruding beyond the distal face, residues of the elongated L4 

loops of SmD2 and SmB provide another important interaction point to clamp and 

secure a stem-loop of the snRNA.  

 

The majority of crystal structures of Lsm obtained to date portray the hexa- and 

heptameric protein assemblies that correspond to fully functional homomeric or 

heteromeric protein groupings. It is, for instance, assumed that complexes of SmD1-

SmD2, SmD3-SmB and SmE-SmF-SmG can exist independently in the cytoplasm, 

yet rearrange into mixed heptamers in the presence of RNA during snRNP formation 

(Peng and Gallwitz 2004). However, a few crystal structures suggest that other 

compositions, e.g. pentamers and octamers, may be stable for eukaryotic Lsm 

proteins (Naidoo et al. 2008; Das et al. 2009). While it is currently not clear if these 

organisations are peculiar to recombinant preparations of the Lsm family, they 

suggest possibilities for a variety of multimeric assemblies in vivo. Our own 

interaction studies indicate that Lsm assemblies may be relatively dynamic in 

solution, providing capacity to engage in alternative protein partnerships and stable 

groupings (Sobti et al. 2010).  

 

1.2 Scope of the thesis 

The heptameric complexes Lsm1-7 involved in cytoplasmic mRNA degradation and 

Lsm2-8 required for mRNA splicing and processing of ncRNAs in the nucleus are 

the two best-characterised Lsm complexes in eukarya. Both complexes share six out 
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of seven Lsm subunits, yet, the exchange of a single protein, Lsm1 against Lsm8, has 

striking effects on not only localisation but also function and RNA target of the 

assembly. This suggests specific functions of individual Lsm proteins in mixed 

complexes. Two recently solved crystal structures of the human U1 snRNP 

(Pomeranz Krummel et al. 2009; Weber et al. 2010) containing the homologous Sm-

complex bound to U1 snRNA provided the first structural evidence for a role of 

specific Lsm proteins in a heteromeric complex in RNA recognition. Other roles of 

individual Lsm proteins in heteromeric complexes including P-body assembly and 

nuclear assembly of Lsm complexes have been suggested (Reijns et al. 2008; Reijns 

et al. 2009). However, despite their ubiquitous role in RNA processing events, little 

is known about target discrimination and RNA-binding mechanisms by eukaryotic 

Lsm complexes. Hence, a model system is required to probe the biological 

complexity of these assemblies.  

 

Lsm protein complexes are studied by a variety of researchers worldwide using 

different approaches. Research groups from the University of Edinburgh and the 

University of the Health Sciences, Bethesda, successfully extracted native 

heteromeric Lsm complexes from yeast cultures and were able to probe their 

interactions with protein and RNA partners (Chowdhury and Tharun 2009; Reijns et 

al. 2009).  

 

A second strategy to produce mixed Lsm complexes suitable for structural and 

functional studies includes co-expression of individual components. An approach 

featuring co-expressed dimer and trimer combinations of Lsm proteins based on 

subcomplexes seen in the homologous Sm complex was successfully applied by a 
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research group from the Paul Scherer Institute in Zurich to express these 

subcomplexes in E. coli (Zaric et al. 2005).  

 

The protein structure group at Macquarie University has developed a unique 

approach to study mixed Lsm protein complexes using polyproteins. Lsm 

polyproteins feature two Lsm proteins connected by a flexible linker sequence 

allowing co-expression of simplified dual Lsm complexes. Previous studies 

established that when individually expressed, yeast Lsm3 forms discrete stable 

octamers (Naidoo et al. 2008). Lsm polyprotein complexes though assemble into a 

mixture of different solution states (Sobti et al. 2010).  

 

In this thesis, I aim to investigate if complexes of these polyproteins can be isolated 

as stable multimeric forms capable of mimicking complex heteromeric Lsm ring 

structures in vivo. Functional and structural characterisation of these complexes will 

be attempted to aid our understanding of Lsm complexes in vivo.  

 

Preparations of eukaryotic Lsm complexes are known to form a diversity of different 

quaternary structures. Individually expressed, Lsm3 assembles into octamers. 

Preparation of heteromeric complexes by co-expression or using our polyprotein 

approach results in mixtures of different oligomeric species including trimers, 

hexamers, octamers, nonamers and 16mers (Zaric et al. 2005; Sobti et al. 2010). 

Hence, in this study, the solution behaviour of expressed Lsm polyproteins is of 

interest, in particular if Lsm polyproteins can form discrete stable assemblies. 
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Lsm complexes have a characteristic ring-shaped quaternary structure. Thus, to be 

useful as mimics of native Lsm complexes, Lsm polyproteins are required to form 

mixed ring structures in solution. Consequently, polyprotein preparations need to be 

tested for the presence of ring quaternary structures. 

 

Simplified heteromeric Lsm ring assemblies would provide valuable tools in probing 

the contribution of individual Lsm proteins on RNA target discrimination by 

heteromeric Lsm complexes in vivo. It would be of great interest if Lsm polyprotein 

complexes can be utilised to reveal specific binding determinants for RNA related to 

individual Lsm proteins.  

 

Two crystal structures of the Lsm homologous Sm complex are available, providing 

structural insights in RNA recognition by Lsm complexes. However, these crystal 

structures were solved at 5.5 Å and 4.4 Å resolution, respectively, and high 

resolution structures are exclusively available for homomeric Lsm assemblies mostly 

of archaeal and bacterial origin. Thus, to improve our understanding of eukaryotic 

Lsm biology, there is a need for structural information on mixed eukaryotic Lsm 

complexes. Hence, one aim of this work will be to test if Lsm polyproteins can 

provide appropriate candidates for structure determination by X-ray crystallography. 
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In summary, specific aims of my thesis were: 

 

1) Solution-state characterisation of simplified heteromeric Lsm complexes to 

determine their individual oligomeric state, 

2) Determination of conditions to form discrete stable Lsm polyprotein 

complexes,  

3) Probing the actual nature of quaternary structures formed in solution, 

4) Elucidation of interaction properties of these simplified complexes to 

examine specific binding determinants within the complex interactions of in 

vivo species, and 

5) Testing if the polyprotein system can provide appropriate candidates for 

crystallisation of mixed Lsm assemblies. 
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2 Materials and Methods  

2.1 Materials 

2.1.1 Reagents 

 

All reagents used in this work were of analytical grade or higher. General reagents 

are summarised in Table 2.1. Purified water from a MilliQ system (Millipore) was 

used throughout. 

 

2.1.2 Growth media and buffers 

Luria-Bertani (LB) medium (Sambrook and Russell 2001): tryptone (10 g/L), yeast 

extract (5 g/L) and NaCl (10 g/L) were dissolved in purified water and autoclaved.  

 

ZYP-rich medium (Studier 2005): To prepare 1 L of ZYP-rich media, ZY media 

(925 ml), MgSO4 (1 ml, 1 M), 50x 5052 media (20 ml) and 20x NPS (50 ml) 

solution were combined. Individual components ZY, 50x 50502 and 20x NPS were 

prepared as follows: i) ZY media: tryptone (10 g/L), yeast extract (5 g/L) were 

weighed in and dissolved in purified water (925 ml); ii) 50x 5052: (NH4)2SO4 (66 g), 

KH2PO4 (136 g), Na2HPO4 (142 g) were added to purified water (900 ml); iii) 20x 

NPS: glycerol (250 g), glucose (25 g) and α-lactose (100 g) were sequentially 

dissolved in purified water (730 ml). ZY, 50x 5052 and 20x NPS media were 

autoclaved prior to use.  
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Table 2.1| Reagents used in this work listed with commercial sources 

Reagent Supplier 
acetic acid, glacial BDH 
acetone BDH 
acrylamide/Bis solution Bio-Rad 
agar (bacteriological) Astral 
ampicillin Astral 
APS (ammonium peroxodisulphate) BDH 
benchmark protein ladder Invitrogen 
Bio-Rad Protein Assay Bio-Rad 
bromophenol blue Progen 
chloramphenicol Astral 
chymotrypsin Promega 
citric acid Sigma-Aldrich 
cobalt chloride Sigma-Aldrich 
coomassie brilliant blue BDH 
dimethyl sulfoxide Sigma-Aldrich 
dithiothreitol (DTT) BDH 
DNase 1 Roche 
ethylenediamine tetraacetic acid Spectrum 
ethanol, absolute Fronine 
formic acid Sigma-Aldrich 
glucose  Astral 
glycerol Astral 
HEPES Astral 
hydrochloric acid BDH 
imidazole Sigma-Aldrich 
iodoacetamide Sigma-Aldrich 
IPTG (Isopropyl-B-D-
thiogalactopyranoside) 

ICN Biomedicals 

isopropanol BDH 
lactose BDH 
lysozyme Astral 
magnesium chloride BDH 
magnesium formate Hampton Research 
methanol Biolab Scientific 
nitric acid BDH 
paraffin-liquid BDH 
pepstatin A Sigma-Aldrich 
polyethylene glycol 3500 Hampton Research 
polyethylene glycol 6000 Hampton Research 
polyethylene glycol 8000 Hampton Research 
protease inhibitor cocktail Sigma-Aldrich 
RNase A Roche 
RNaseZap®  Ambion 
sodium acetate BDH 
sodium chloride Astral 
sodium citrate tribasic dihydrate Fluka 
sodium dodecyl sulphate Amresco 
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Table 2.1 (cont.)  

Reagent Supplier 
sodium formate Ajax 
sodium hydroxide pellets Astral 
surfactant P20 GE-Healthcare 
TEMED Bio-Rad 
thrombin protease Sigma-Aldrich 
Tris Astral 
trypsin Promega 
urea BDH 
yeast extract Oxoid 
  
Crystal screening suites  
  
Additive Screen Hampton Research 
Natrix screen Hampton Research 
Peg/Ion  Hampton Research 
Salt Rx Hampton Research 
JCSG Core suites I-IV QIAGEN 
JCSG + suite QIAGEN 
Nextal classics I QIAGEN 
Nextal classics II QIAGEN 
pH clear I – II QIAGEN 
AmSO4 suite QIAGEN 
  
 

SOC medium (Sambrook and Russell 2001): tryptone (20 g/L), yeast extract (5 g/L), 

NaCl (0.58 g/L), KCl (0.18 g/L), MgCl2 (0.95 g/L), MgSO4 (1.20 g/L) were 

combined and were dissolved in purified water and autoclaved. After autoclaving, 

filter sterilised glucose solution (1 M) was added to a final concentration of 2 % 

(v/v). 

 

Minimal medium for selenomethionine labelling: prepackaged kits of selenium-

enriched defined growth media (M9 SeMet, Shanghai Medicilon) were used as per 

manufacturer’s instructions. 

 

Liquid growth media were autoclaved or filter sterilised and stored at 4 °C before 

use. For solid media, 1.5 % agar was added prior to autoclaving. For plasmid 
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maintenance, ampicillin (100 mg/ml) and chloramphenicol (25 mg/ml) were added to 

growth media. Compositions of growth media are summarised in Table 2.2. 

 

 

 

 

 

2.1.3 Bacterial strains plasmids and RNA 

The bacterial strains used in this work including their genotypes and sources are 

listed in Table 2.3. Hfq-deletion strains (MRE5, C41 ∆hfq) used in this study were a 

gift from Professor Beggs (University of Edinburgh).  

 

 

 

Table 2.2| Composition of growth media and buffers employed in protein purification 

Buffer Composition 
LB medium tryptone (10 mg/ml), yeast extract (5 mg/ml), NaCl (10 g/L) 

ZY medium tryptone (10 g/L), yeast extract (5 g/L) 

50 x 5052 (NH4)2SO4 (66 g/L), KH2PO4 (136 g/L), Na2HPO4 (142 g/L) 

20 x NPS glycerol (250 g), glucose (25 g), α-lactose (100 g) 

SOC medium tryptone (20 mg/ml), yeast extract (5 mg/ml), NaCl (0.58 
g/L), KCl (0.95 g/L), MgCl2 ( 1.20 g/L), glucose (3.6 g/L) 

bacterial lysis buffer Tris (20 mM, pH 8.0), NaCl (1 M), imidazole (10 mM),  
glycerol (10 % v/v) 

buffer A Tris buffer (20 mM, pH 8.0), NaCl (400 M), imidazole (10 
mM), glycerol (10 % v/v) 

buffer B Tris buffer (20 mM, pH 8.0), NaCl (400 M), imidazole (500 
mM), glycerol (10 % v/v) 

buffer C Tris buffer (20 mM, pH 8.0), NaCl (400 M),  
glycerol (10 % v/v) 

buffer D Tris buffer (20 mM, pH 8.0), NaCl (200 mM) 
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A pET15B vector (Novagen), designed to achieve high levels of expression from a 

T7 RNA polymerase promoter (Studier and Moffatt 1986) was used for expression of 

Lsm polyproteins. This vector confers ampicillin resistance to the transformed cells 

and encodes sequences for an additional N-terminal hexahistidine sequence, 

followed by a thrombin cleavage site prior to the inserted sequence (Figure 2.1 A). 

Three cloning sites are incorporated at the DNA level. The target gene was inserted 

between Nde1 and the BamH1 site. 

 

Since LSM genes 1-4 contain up to 13 rare codons, the pRARE plasmid (Merck) 

encoding for rare tRNAs was isolated from Bl21 Rosetta 2 cells (DE3, Merck) for 

later transformation into expression hosts. This construct allows enhanced expression 

of genes isolated from organisms with AT or GC rich genomes with a corresponding 

codon bias (Baca and Hol 2000). Supplied codons include rare tRNAs required for 

the translation of Arg, Ile, Gly, Leu and Pro residues. The construct carries native

Table 2.3| Bacterial strains used to generate protein material 
Strain Genotype Source 

TOP10 F– mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZ 
ΔM15 ΔlacX74 recA1 araD139 Δ(ara leu) 
7697 galU galK rpsL (StrR) endA1 nupG 

Invitrogen 

Fusion-blue  endA1, hsdR17 (rK12-, mK12+), supE44, 
thi-1, recA1, gyrA96, relA1, lac F'[proA+B+, 
lacIqZ∆M15::Tn10(tetR)] 

Merck  

BL21 (DE3) pLysS F- ompT gal dcm lon hsdSB(rB- mB-) λ(DE3) 
pLysS(cmR) 

Sigma-
Aldrich 

BL21 Rosetta 2 
(DE3) 

F– ompT hsdSB (rB– mB –) gal dcm (DE3) 
pRARE23 (CamR) 

Merck 

MRE5 
(C41 ∆hfq) 

F- ompT gal dcm lon hsdSB(rB
-mB

-)λ(DE3) 
∆hfq (and an uncharacterized mutation 
Miroux et al., 1996) 

Gift from 
Prof. Beggsa 

a University of Edinburgh, Welcome Trust Centre for Cell Biology 
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Figure 2.1| Plasmid maps for A) E. coli expression vector pET15B (Mierendorf and 
Yeager 1984). B) pRARE plasmid for the expression of rare tRNAs (Baca and Hol 
2000). 

A 

B 
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 tRNA promoters and a chloramphenicol resistance marker. A map of this vector is 

displayed in Figure 2.1 B. 

 

RNA oligonucleotides were supplied in HPLC purified and desalted form 

(Dharmacon).  

 

2.2 Methods 

2.2.1 Preservation of bacterial strains  

For a period of up to two weeks, bacterial cultures were stored on solid media plates 

at 4 °C. Glycerol stocks were prepared in order to store E. coli cells indefinitely. 10 

ml of LB medium containing the appropriate antibiotics were inoculated. Cells were 

grown over night at 37 °C. The resulting cell suspension was pelleted by 

centrifugation (3000 x g, 10 min, 4 °C) and resuspended in growth medium 

containing 25 % glycerol. This suspension was transferred to cryo-tubes (Greiner) 

and stored at -80 °C. 

 

2.2.2 Cloning of Lsm polyproteins 

In previous work, the genes encoding Lsm1, Lsm2, Lsm3 and Lsm4 were isolated 

and amplified by Meghna Sobti (Sobti et al. 2010). The LSM4 and LSM1 genes and 

the LSM2 and LSM3 genes were covalently linked utilising partially overlapping 

primer based-PCR (Te'o et al. 2000). The resulting dual gene cassettes were cloned 

into a pET15B vector, which carries an N-terminal His6-tag followed by a thrombin 
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cleavage site in frame with the inserted genes. As a consequence, gene products will 

be expressed from this vector with an additional cleavable N-terminal affinity-tag. 

Furthermore, the pET15B system places the genes of interest under control of a T7 

Φ10 promoter and thus requires T7 RNA polymerase for transcription (Studier and 

Moffatt 1986; Rosenberg et al. 1987). The use of bacterial DE3 expression strains 

carrying the T7 RNA polymerase gene under control of the lac operon allows the 

tight regulation of recombinant protein expression using lactose and lactose 

analogues like IPTG (Studier and Moffatt 1986; Rosenberg et al. 1987). Glycerol 

stocks of Fusion-blue and Bl21 Rosetta 2 cells containing polycistronic Lsm gene 

cassettes were made and used for starter cultures in this study. 

 

2.2.3 Plasmid isolation from E. coli  

Lsm expression plasmids and pRARE constructs were isolated from bacterial cells 

using a commercial kit (QIAprep Spin Miniprep Kit, QIAGEN) according to the 

manufacturer’s instructions. Isolated plasmids were collected in supplied elution 

buffer and stored at -20 °C.  

 

2.2.4 Preparation of chemically-competent cells 

In the case of the MRE5 cell line competent cells were prepared in the laboratory as 

follows (Inoue et al. 1990): An LB-agar plate was spread with MRE5 cells and 

grown overnight (37 °C). Single colonies from the plate were used to inoculate LB 

media (5 ml) containing MgSO4 (20 mM) and shaken (250 rpm, 37 °C, 12 h). The 

resulting culture was transferred to fresh LB media (250 ml) containing MgSO4 (20 
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mM) and was incubated (200 rpm, 23 °C) until an OD600 of 0.4-0.6 was reached. 

Cells were sedimented by centrifugation (3000 x g, 10 min, 4 °C) and resuspended in 

ice-cold sterile TB buffer (80 ml). The suspension was incubated on ice (10 min) 

prior to sedimenting the cells as before. Cell pellets were resuspended in an ice-cold 

solution (20 ml) KCl2 (250 mM), CaCl2 (15 mM), MnCl2 (55 mM) and PIPES buffer 

(10 mM, pH 6.7). DMSO (1.5 ml) was added and the solution was incubated on ice 

(10 min) prior to flashfreezing of 200 µl aliquots in liquid nitrogen. Resulting 

chemically-competent cells were stored at -80 °C. 

 

2.2.5 Transformation for plasmid propagation 

For propagation and maintenance of plasmid DNA, pet15B vectors containing Lsm 

gene constructs and pRARE plasmids were transformed into commercial chemically 

competent cells (Top10, Invitrogen; Fusion-Blue, Clontech) cells. Plasmid DNA (2 

ml) was added to thawed cells (50 ml) and mixed gently. After cooling on ice, cells 

were heatshocked (45 s, 42 °C) and again incubated on ice (2 min). SOC medium 

(450 ml) was added and cells were recovered with shaking at 37 °C (1.5 h, 140 rpm). 

An aliquot (50 ml) of this cell suspension was spread on a pre-warmed LB-agar plate 

containing the appropriate antibiotics. The remainder was spread on a second LB-

agar plate. Both plates were incubated at 37 °C (12 h) and single colonies from these 

cultures were isolated and restreaked on LB-agar plates for a second incubation at 37 

°C (12 h). Scrapings from the resulting cultures were used to prepare glycerol stocks 

or for plasmid isolation (Section 2.1.3). 
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2.2.6 Transformation for protein expression 

pET15B vectors containing Lsm expression cassettes and pRARE constructs 

containing rare tRNA genes were co-transformed into chemically-competent MRE5 

(Section 2.1.3) cells. Aliquots (2 ml) of both Lsm expression plasmids and pRARE 

were added to thawed MRE5 cells (50 ml) and were transformed as described in 

Section 2.2.5. Glycerol stocks of the expression host carrying the plasmids were 

made and used to inoculate expression cultures. 

 

2.2.7 Expression of Lsm polyproteins 

To exclude contamination of Lsm polyprotein preparations with the bacterial Lsm 

paralogue Hfq, the Hfq-deficient cell line MRE5 (Section 2.1.3) was used for protein 

expression. Up to five clones from each transformation were screened for protein 

expression. Single colonies were restreaked on LB-agar plates containing ampicillin 

(100 µg/ml) and chloramphenicol (25 mg/ml) and incubated at 37 °C (12 h). 

Resulting cultures were used to prepare glycerol stocks and to optimise the 

expression protocols with regards to temperature and induction method in small-

scale (2 ml) expression trials.  

 

2.2.7.1 Small-scale expression trials 

For small-scale expression screening, two methods of induction were utilised, IPTG 

induction or auto-induction, allowing the expression of recombinant proteins under 

control of the lac operon (Baneyx 1999): 

i) IPTG induced protein expression  



Materials and Methods                                                                                                                           37 
 

 

For IPTG induction, glycerol stocks or scrapings from LB-agar plates were 

used to inoculate LB medium (2 ml). Suspension cultures were grown in 

conical tubes (50 ml) to an optical density at 600 nm (OD600) of 0.4-0.6 

before IPTG was added (0.1 mM or 1 mM). To assess effects of induction 

method and temperature on protein expression levels, cultures were 

subsequently incubated at (250 rpm) at two different temperatures (16 °C, 24 

h; 25 °C, 12 h). 

 

ii) Protein expression by auto-induction  

Similar to IPTG induced cultures glycerol stocks or scrapings from LB-agar 

plates were used to inoculate ZYP-rich medium (2 ml). These cultures were 

incubated (250 rpm) at two temperatures (16 °C, 30 h; 25 °C, 24 h).  

 

Cells were harvested by centrifugation (3000 x g, 10 min, 4 °C). To identify optimal 

expression conditions, samples (1 ml) were taken, spun down (3000 x g, 10 min) and 

analysed by SDS-PAGE.  

 

2.2.7.2 Large scale protein expression 

Analogous to small-scale trials, IPTG induction and auto-induction were utilised in 

large scale:  

i) IPTG induced expression 

Bacteria were spread on LB-agar plates containing ampicillin (100 mg/ml) 

and chloramphenicol (25 mg/ml) and incubated at 37 °C (12 h). These starter 

cultures were transferred into baffled Erlenmeyer-flasks (2 L) containing LB 

medium (1 L). Bacterial suspension cultures were grown to an OD600 of 0.4-
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0.6 at 37 °C (250 rpm) before IPTG (0.1-1 mM) was added and the cells were 

incubated at 25 °C (250 rpm, 12 h). 

 

ii) Protein expression by auto-induction 

Glycerol stocks or scrapings from LB-agar plates were used to inoculate 

ZYP-rich medium (0.5 L). Protein expression using the auto-induction 

method (Studier 2005) was performed in ZYP-rich medium at 25 °C (250 

rpm, 24 h). 

Cells were harvested by centrifugation (3000 x g, 10 min, 4 °C) and resuspended in 

bacterial lysis buffer (Table 2.2) prior to storage at -80 °C. 

 

2.2.7.3 Protein expression for L-selenomethionine incorporation 

For preparation of SeMet derivatised proteins, M9 SeMet media kits (Shanghai 

Medicillon) were used according to the manufacturers instructions. Cultures (1 L) 

were shaken (37 °C, 250 rpm) in baffled flasks (2 L). At an OD600 of ~1.2, the 

temperature was reduced to 20 °C and protein expression was induced by addition of 

IPTG (1 mM). Following incubation over night, the bacteria were harvested by 

centrifugation (3000 x g, 10 min, 4 °C). 

 

2.2.8 Protein extraction 

Protein extracts were prepared using BugBuster reagent (Novagen), for small-scale 

expression trials, or high-pressure homogenisation using an Emulisiflex-C3 

(Avestin) homogeniser of cell pellets in bacterial lysis buffer (Table 2.2) containing 

RNase A (100 µg/ml), DNase I (10 µg/ml), protease inhibitor cocktail (1 % v/v), and 
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lysozyme (1 mg/ml) for large-scale expression. For the former, cell pellets were 

mixed with the BugBuster reagent as per manufacturers instructions. Soluble and 

insoluble fractions were separated by centrifugation (10000 x g, 10 min, 20 °C). For 

high-pressure homogenisation cell pellets were resuspended in bacterial lysis buffer 

(40 ml) and passed through the instrument twice at 15000 PSI. Cell lysate was 

cleared by centrifugation (20000 x g, 20 min, 4 °C) and subsequent filtration using a 

0.2 µm syringe filter. 

 

2.2.9 Purification of recombinant Lsm polyproteins 

2.2.9.1 Chromatography equipment, media and columns  

Chromatography operations were performed on an Äkta Explorer system (GE-

Healthcare). Columns (1 ml) prepacked with Ni-sepharose matrix (HisTrap HP, GE-

Healthcare) were used for immobilised metal affinity chromatography (IMAC) 

purification of His6-tagged proteins. For analytical size exclusion chromatography, 

Superdex 200 10/300 GL (GE-Healthcare) columns (24 ml) and for preparative scale 

HiLoad 16/60 Superdex 200 pg (GE-Healthcare) columns (125 ml) were employed, 

respectively.  

 

2.2.9.2 IMAC purification of Lsm polyproteins 

Recombinant His6-tagged proteins were purified by immobilised metal affinity 

chromatography (IMAC). Cleared cell lysate was loaded (1 ml/min) on a prepacked 

IMAC column prequilibrated in buffer A (Table 2.2). The ratio of cell lysate to 

affinity matrix volumes was chosen such that the amount of recombinant protein 

exceeded the dynamic binding capacity of the column (40 mg/ml). This ensured the 
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high purity of Lsm protein preparations required for functional and structural studies. 

Following lysate application, adsorbed proteins were washed for 60 column volumes 

(cv) with buffer A containing 40 mM imidazole to remove loosely bound 

contaminants. Elution was performed using a step gradient from 40 mM to 500 mM 

imidazole (buffer C, Table 2.2). Elution fractions from affinity purification were 

pooled and subjected to size exclusion chromatography. A typical elution profile for 

IMAC purification is shown in Figure 2.2. 

 

2.2.9.3 Preparative size exclusion chromatography (SEC) 

All Lsm protein preparations were further purified by preparative SEC to ensure a 

uniform oligomeric distribution of the preparations. Lsm samples (~2 ml) were 

applied to a HiLoad 16/60 Superdex 200 pg column in buffer C (1 ml/min). Eluted 

protein fractions were collected as 0.5 ml fractions and relevant fractions were 

pooled. 

  

2.2.10 Protein concentration and storage 

Purified proteins were concentrated to > 10 mg/ml using centrifugal ultrafiltration 

devices (Millipore) with a molecular weight cut-off of 10 kDa. Protein 

concentrations were estimated spectrophotometrically using theoretical extinction 

coefficients of individual proteins at 280 nm (from ExPASy proteomics server) from 

amino acid composition (Pace et al. 1995) or using a Bradford Assay (Bio-Rad 

Protein assay). Absorbance ratios at 280 nm and 260 nm were calculated to assess 

the purity of Lsm protein preparations.  
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Figure 2.2| Exemplary IMAC purification of the polyprotein Lsm[4+1]. Absorbance at 

280 nm is displayed in blue. The red line represents the conductivity. 

 

A260/A280 ratios can serve to estimate the purity of protein preparations. On average, 

the extinction coefficients of nucleic acids at wavelengths of 260 nm are twice their 

extinction coefficient at 280 nm, while the absorption of pure protein at 260 nm is 

approximately 0.6 times its absorption at 280 nm (Warburg and Christian 1941; 

Glasel 1995).  Therefore, A260/A280 ratios of ~2.0 indicate pure nucleic acid, while 

ratios of ~0.6 suggest pure protein. A260/A280 ratios are relatively robust against 

deviations from standard extinction coefficients of individual proteins (Glasel 1995) 

and therefore allow an easy assessment of the presence of nucleic acids in protein 

preparations. Approximate concentrations of nucleic acid and protein in a mixture 

can be obtained from Warburg-Christian tables.  
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UV-absorptions (220-350 nm) were recorded on a Cary 100 UV-Visible 

spectrophotometer (Varian) or a Nandrop 1000 instrument (Thermo Scientific). For 

Bradford assays, a standard curve was made using BSA (0.2, 0.4, 0.6, 0.8, 1.0 

mg/ml). BSA samples were mixed (20 ml) with dye reagent (1 ml) and the 

absorbance at 595 nm was recorded. The resulting absorbances were plotted against 

protein concentrations and a linear fit was used to determine the concentrations of 

Lsm samples. 

 

For storage, protein samples were transferred to thin-walled PCR tubes (30 µl 

aliquots) and were flash frozen in liquid nitrogen. Frozen samples were stored at        

-80 °C.  

 

 

2.2.11 Protein analysis 

2.2.11.1 Protein electrophoresis 

Protein samples were visualised by sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) at various stages of protein preparation according to 

Sambrook and Russell (2001). Prior to loading samples on the gel, they were mixed 

in a 1:1 ratio with 2 x loading dye and boiled (2 min). The gels used consisted of a 15 

% polyacrylamide separating gel and a 5 % polyacrylamide stacking gel. Applied 

samples were separated for 45 min (200 V) in a Tris-glycine buffer system (Laemmli 

1970). Following electrophoresis, gels were incubated in fixing solution (10 min, 

Table 2.4). Protein bands were visualised with staining solution containing 
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Coomassie Brilliant Blue G-250 (0.5 %) and destained with acetic acid (10 %). Table 

2.4 summarises compositions of buffers and solutions utilised in SDS-PAGE. 

 

Table 2.4| SDS-PAGE buffer compositions 

Buffer Composition 
2 x loading dye SDS (4 % w/v), glycerol (20 % w/v), DTT (200 mM), Tris buffer 

(100 mM, pH 6.8) and bromophenol blue (0.2 % w/v) 
running buffer Tris buffer (25 mM), glycine (250 mM), SDS (10 % w/v) 
fixing solution ethanol (50 % v/v), acetic acid (10 % v/v) 
staining solution coomassie brilliant blue (0.25 % w/v), ethanol (10 % v/v), acetic 

acid (10 % v/v) 
destaining 
solution 

acetic acid (10 % v/v) 

 

 

 

2.2.11.2 Analytical size exclusion chromatography  

For analytical SEC, Lsm proteins were injected (0.5 ml/min) on a Superdex 200 

10/300 GL (GE-Healthcare) column (24 ml) that was prequilibrated in the 

appropriate buffer. The separation range of the chosen matrix is 10-600 kDa. In order 

to estimate the molecular weight of SEC fractions, Kav values were calibrated using 

Gel Filtration LMW and HMW Calibration Kits (GE-Healthcare). Calibration was 

performed in three subsequent runs. In the first run, Blue Dextran 2000 (2000 kDa) 

was injected to determine the void volume. Following the determination of the void 

volume, protein standards were injected in two consecutive runs containing i) a 

mixture of ferritin (440 kDa), conalbumin (75 kDa), carbonic anhydrase  (29 kDa) 

and RNase A (13.7 kDa); and ii) a mixture of aldolase (158 kDa), ovalbumin (43 

RNase A (13.7 kDa) and aprotinin (6.5 kDa). The log of the molecular weight of the 
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calibration proteins was plotted over the Kav values of the standard proteins. The 

values were calculated from: 

 

 

Kav =
VE −V0

VC −V0                (2-1)
 

 

where VE is the recorded elution volume, V0 the void volume (8.3 ml) and Vc 

the column volume (24 ml).  

 

Molecular weights of proteins of unknown mass were approximated from a linear fit 

to this calibration curve. Figure 2.3 shows the resulting graphs. 

 

 

2.2.11.3 SEC coupled to multi angle laser light scattering  

(SEC-MALLS) 

For accurate mass determination independent of protein shape, SEC-MALLS was 

carried out. An analytical SEC column was placed in line with a triple-angle static 

light scattering detector (MiniDAWN TREOS, Wyatt) and a refractive index detector 

(RID-10A, Shimadzu). Data analysis was performed using Astra 5.4.3 (Wyatt). Prior 

to molecular weight determination of sample proteins, the triple detectors were 

normalised using monomeric solutions of Ovalbumin (3 mg/ml) or RNase A (3 

mg/ml).  

 

Molecular weight determination via SEC-MALLS using the Astra method relies on 

the Rayleigh relationship (Slotboom et al. 2008): 
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Rn Fe Co Ca 

Al Ov Rn Ap 

B 

C 

A 

Figure 2.3| Superdex 200 10/300 GL (GE-Healthcare) calibration. Two sets of 

calibration proteins were run in Tris buffer (20 mM, pH 8.0), NaCl (400 mM), glycerol 

(10 % v/v) at 0.5 ml/min. A) Ferritin (Fe), conalbumin (Co), carbonic anhydrase (Ca), 

RNase A (Rn). B) aldolase (Al), ovalbumin (Ov), RNase A (Rn), aprotinin (Ap). C) Plot 

of log of the molecular weight of standard proteins over corresponding Kav values.  
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∆LS = (
Iθ

I0

)solution − (
Iθ

I0

)buffer = K(
dn
dc

)2 MWC               (2-2)

  

wherein Iθ/I0 describes the ratio of the intensities of scattered light at angle θ, 

K an instrument calibration constant, C the concentration of the 

macromolecule in solution, Mw the molecular weight of the macromolecule 

and the dn/dc the refractive index increment.  

 

In the above-described setup, ∆LS and C can be readily determined from the light 

scattering and refractive index detectors. Hence, with knowledge of the exact dn/dc 

of the protein, its molecular weight can be determined. In general, dn/dc values of 

0.185-0.190 are assumed for proteins in aqueous buffers (Wen et al. 1996). However, 

due to individual buffer compositions, dn/dc values of proteins can deviate 

significantly from these standard values (Slotboom et al. 2008; Liu et al. 2011). As a 

consequence, protein dn/dc values were determined experimentally in buffer C 

(Table 2.2) by adjusting dn/dc values until correct masses were obtained for the 

standard proteins. Figure 2.4 shows SEC-MALLS data obtained for calibration 

proteins Ovalbumin (43 kDa) and RNase A (13.7 kDa) using an optimised dn/dc of 

0.165 in buffer C (Table 2.2). Masses obtained for the calibration proteins are within 

a 5 % error margin of the expected molecular weight. Accordingy, a dn/dc of 0.165 

was used for the determination of molecular masses of all proteins in this solvent. 
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2.2.11.4 Small angle X-ray scattering (SAXS) 

 

SAXS experiments were performed in collaboration with Dr. Grant Pearce 

(University of Canterbury, Christchurch) on the SAXS/WAXS beamline at the 

Australian Synchrotron (Melbourne, Australia). A monochromatic X-ray beam with 

a wavelength of 1.03320  Å was used. The range of momentum transfer s = 4 π/λ 

sinθ was adjusted to 0.010 ≤ s ≤ 0.618 Å-1 for experiments on this beamline. All 

protein samples were adjusted to 5 mg/ml concentration and cleared by 

centrifugation (10000 x g, 2 min). Subsequently, protein samples were injected in 

100 µl aliquots on an analytical SEC column (Superdex 200 5/150 GL, Vc = 3 ml, F 

Figure 2.4| Determination of refractive index increments of proteins in buffer C (Table 

2.2). Monodisperse standard proteins Ovalbumin (43 kDa) and RNase A (13.7 kDA) 

were utilised to empirically determine dn/dc value of protein in buffer C. Optimised 

dn/dc values allowed determination of the molecular weight of the calibration proteins 

within 5 % of expected masses. Red lines represent the molecular weight 

corresponding to each point in the chromatogram. A) SEC-MALLS of Ovalbumin yields 

a molecular weight of 41 kDa. B) SEC-MALLS of RNase A yields a molecular weight of 

13 kDa. 
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= 0.2 ml/min) in line with SAXS data collection. For RNA-binding studies using 

SAXS, RNA (U10) was incubated with protein at a twofold excess over protein 

concentration (5 mg/ml; 53 mM). Excess RNA was removed from samples on the 

Superdex 200 5/150 GL matrix utilised prior to SAXS data collection. 

 

SAXS data were collected at room temperature using an exposure time of 2 s per 

image. Averaged scattering from all buffers was recorded and used for background 

subtraction. Lsm[4+1]4 and Lsm[2+3]4 samples were measured in buffer C, while 

Lsm[2+3]8 was analysed in buffer D. Data reduction and background subtraction 

were performed using the SAXSID15D software (Cookson et al. 2006). The 

resulting data were processed using the ATSAS package (Konarev et al. 2003). 

Guiner approximations were carried out using PRIMUS (Konarev et al. 2003). 

Electron distribution functions were calculated in GNOM (Svergun 1992) and 

normalised  with respect to p(r) by division of all data points through their respective 

p(r) maxima. Kratky plots of all samples were calculated manually by plotting I(s) * 

s2 over s. For comparison, Kratky plots were normalised with respect to I(s) * s2 by 

division of the absolute I(s) * s2 values of the polyprotein scattering datasets by their 

respective maximum values. For determination of molecular envelopes, DAMMIN 

(Svergun 1999) was employed. Eight models were calculated for each Lsm sample 

using spacegroup P1. Resulting models were averaged and sorted using DAMAVER 

(Volkov and Svergun 2003). Solution scattering was evaluated using CRYSOL 

(Svergun et al. 1995). 
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2.3 Lsm-RNA interaction studies 

2.3.1 Surface plasmon resonance (SPR) 

 

Measurements were performed on a BIAcore 2000 instrument (GE-Healthcare) using 

streptavidin coated sensor chips (GE-Healthcare) at 25 °C. All buffers were prepared 

RNase free and were degassed using RNase free syringes (Terumo) and 0.2 µm 

syringe filters (sartorius stedim). 2’-O-bis(2-acetoxyethoxy)methyl protected, 

biotinylated RNA oligonucleotides were purchased from Dharmacon. Prior to 

biosensor analysis, RNA oligonucleotides were deprotected by incubation in acetate-

TEMED buffer at 60 °C for 2 h. Deprotection buffer was subsequently removed in a 

vacuum centrifuge. Deprotected RNA was diluted in buffer D containing 0.05 % 

surfactant P20 (GE-Healthcare), 62.5 µg/ml BSA and immobilised to a density of 25 

RU on the sensor chip at a flow rate of 10 µl/min.  

 

Lsm protein complexes were injected (2 min) at 25 °C in different concentrations 

(0.1-10 mM) over blank and RNA coated flow cells as duplicates in random order at 

a flow rate of 50 µl/min using the kinject function. All experiments were performed 

as duplicates. Regeneration of the chip surface was achieved by injection (2 min) of 

2 M NaCl. For experimental design and data analysis, the BIACORE 2000 Control 

Software (GE-Healthcare) and the BIAevaluation 3.0.2 program (GE-Healthcare) 

were used. Data processing included subtraction of reference channel signals from 

the responses of channels with immobilised RNA, curve alignment and curve fitting. 

Sensorgrams are presented as normalised responses by division of all datapoints by 

the molecular weight of the analyte. 
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2.3.2 Isothermal titration calorimetry (ITC) 

 

ITC experiments were conducted on a VP-ITC instrument (MicroCal) stationed at 

the Biomolecular Interaction Centre (University of Canterbury, Christchurch) 

following training and advice by Dr. Richard Hutton (University of Canterbury, 

Christchurch). Temperature was kept constant at 25 °C and stirrer speed was set to 

307 rpm. For data analysis, the VPViewer2000 (MicroCal) and Origin 7 SR4 

v7.0552 (Origin) programs were used. All sample buffers were prepared in DEPC 

treated purified water to eliminate any RNase activity. For the same reasons, all test 

tubes used were incubated at 180 °C (12 h) prior to RNA-binding experiments. 

Furthermore, reaction cell and syringe were washed with RNaseZAP® (Ambion) to 

remove RNase activity. A thorough wash with RNase free water and degassed 

sample buffer further ensured the removal of the decontaminant. Protein samples 

were characterised and buffer exchanged by SEC prior to ITC analysis. Protein 

concentrations were adjusted to 10-30 µM and 1.4 ml of the resulting protein 

solution were filled into the reaction chamber. 600 µl of a 100-200 µM RNA 

solution were introduced into the injection syringe. Following baseline stabilisation, 

36 injections of 7.5-10  µl RNA solution were carried out. 
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2.4 Crystallographic studies of Lsm polyproteins 

2.4.1 Crystallisation of Lsm polyproteins  

Flash frozen aliquots of Lsm polyproteins were used for crystallisation experiments. 

Protein concentrations were adjusted to 10-30 mg/ml. Following thawing of an 

aliquot, samples were cleared by centrifugation (10000 x g, 5 min). Initial crystal 

screening was carried out in sitting drop format in 96 well INTELLI-PLATEs (Art 

Robbins Instruments) using a Phoenix Liquid Handling System (Art Robbins 

Instruments). 50-70 µl of precipitant solutions from commercial crystal screening 

kits (Table 2.1) were filled into the reservoirs and 200-300 nl of protein solution 

were mixed with precipitant in a 1:2, 1:1 or 2:1 ratio. Plates were sealed and kept at 

room temperature and examined for crystallogenesis in 2-5 day intervals for 2 

months.  

 

Optimisation of crystallisation conditions was performed in grid screens using the 

four corner method (Hennessy et al. 2009). These optimisation trials were carried out 

as sitting drop experiments in 96 well format as described above and in hanging drop 

format in pregreased 24 well VDX plates (Hampton research). For hanging drop 

experiments, 1-2 µl of protein solution were mixed with precipitant solution in 1:1, 

1:2 or 2:1 ratios on a siliconised cover slide. 500 µl of crystallant solution were 

added to the reservoir. Plates were incubated at room temperature and checked at 

regular intervals. 

 

For crystallisation screens including TacsimateTM, saturated stock solutions of the 

crystallant were prepared (1.83 M malonic acid, 0.25 M ammonium citrate tribasic, 
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0.12 M succinic acid, 0.3 M DL-malic acid, 0.4 M sodium acetate trihydrate, 0.5 M 

sodium formate, 0.16 M ammonium tartrate dibasic = 100 % TacsimateTM) and 

subsequently diluted. To extend the buffering range of the mixture above a pH of 

6.5, Tris (0.1 M) was added.  

 

In addition, microseeding was employed to obtain new crystal forms and to increase 

the success rate of crystallisation experiments. For microseeding experiments, 

existing crystals were harvested and transferred into 20-50 µl of stabilising solution. 

Stabilising solution contained the reservoir solution from the hit condition with a 10-

20 % increased precipitant concentration and 5-10 mg/ml protein. Generation of a 

seed stock was achieved by vortexing crystals with plating beads (Sigma-Aldrich) 

and subsequent serial dilution. These stocks were used to introduce crystal seeds in 

drops that did not show signs of precipitation or crystal formation two weeks after 

setting up the trays. Crystal seeds were transferred by dipping a horsehair into seed 

stocks followed by dipping or streaking the hair through the protein drop. Outcomes 

of seeding experiments were assessed every 1-3 days. 

 

2.4.2 Crystallographic data collection 

 

Crystals obtained for Lsm polyproteins were screened for X-ray diffraction by 

myself with the assistance of Dr. Stephen Harrop (University of New South Wales, 

Sydney) on a Rigaku RU200 Cu (Rigaku) rotating anode generator in line with a 

Mar345 image plate at University of New South Wales.  
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Crystals were picked up from mother liquor using nylon microfibre loops (Hampton 

Research) ranging from 0.025-1 mm diameter and were flash cooled in liquid 

nitrogen. Frozen crystals were mounted in a cryostream on the beamline at 100 K. 

Diffraction images at  Φ-angles of 0 ° and 90 ° with exposure times of 1 s were 

recorded and the diffraction quality of the crystals was judged by resolution, ice ring 

formation and the shape and intensity of the observed reflections.   

 

All crystals were subjected to cryogenic screening. This procedure was employed to 

empirically determine the optimal additive and its concentration that protects the 

crystals from damage in the freezing process and prevents the formation of ice rings. 

Cryoprotective agents that were screened include: co-solvents (e.g. glycerol and 

ethyleneglycole, polyethyleneglycol), sugars (e.g. glucose, sucrose and xylitol), 

alcohols (e.g. ethanol, methanol), oils (e.g. paratone-N, parafine oil) and the 

precipitant present in the mother liquor. Crystals were exposed to these 

cryoprotectants by sequential soaking in mother liquor with increasing 

cryoprotectant concentrations.  

 

Data collection from Lsm polyprotein crystals was carried out on the Micro 

Crystallography Beamline (MX2) at the Australian Synchrotron, Victoria, Australia, 

with the assistance of Dr. Harrop. This beamline features tunable wavelengths and a 

highly focused beam of 37 x 32  µm allowing data collection from small crystals 

with a maximal signal to noise ratio. For data acquisition, the Blu-Ice program 

(McPhillips et al. 2002) was used. Crucial system parameters including the optimal 

ϕ-range and detector distances, and exposure time for data collection were 

determined for each protein crystal from images at 0 ° and 90 °. The recorded images 
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were processed in the MOSFLM program (Leslie 1992) in order to obtain estimates 

of the unit cell parameters and the likely space group of the crystal. In addition, the 

optimal orientation of the crystal in the beam for data collection was decided from 

the Strategy option integrated in the software. Direct beam coordinates were 

calibrated by beamline scientists prior to the experiment. These were verified using 

the Lawrence Berkeley Lab Indexing Toolbox (LABELIT, Computational 

Crystallography Initiative). Parameters used for Lsm polyprotein crystals are 

summarised in Table 2.5. 

 

Table 2.5| Data collection parameters for Lsm[4+1]4 crystals 

Parameter Value 
detector distance (mm) 450 
beamstop (mm) 50 
wavelength (λ;  Å) 0.954 
exposure time (s) 5 
∆ϕ ( °) 1 
 

 

2.4.3 Crystallographic data processing 

 

Diffraction images were indexed and integrated using the MOSFLM package (Leslie 

1992). This process aims to produce a set of indices (hkls) and their associated 

intensities as well as crystal unit cell parameters. In a first step (autoindexing), 

MOSFLM estimates the crystal orientation and unit cell dimensions. These unit cell 

parameters are refined and the mosaicity is determined in a second step. In a third 

step, the position and intensities of the Bragg reflections are estimated.   
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Integrated diffraction data were further analysed using the Collaborative 

Computational Project No. 4 (CCP4) software suite (Winn et al. 2011) or the Python-

based Hierarchical ENvironment for Integrated Xtallography (PHENIX) (Adams et 

al. 2010). Knowledge of the correct Laue group is absolutely essential in 

crystallographic data processing. As a consequence, initial estimates for the Laue 

group from MOSFLM were verified using POINTLESS (Evans 2006).  

 

Due to a number of experimental factors, the intensities of reflections that were 

recorded in the diffraction experiment are not uniform. Factors causing this will 

include slow variation in incident-beam intensities, varying illuminated volumes, 

absorption in the primary and secondary beam direction or radiation damage Hence, 

a data reduction step is utilised in which intensities are merged and scaled and an 

internally consistent dataset is produced. This is achieved by minimising the 

differences between the intensities of redundant, symmetry related reflections using 

the SCALA tool in CCP4 (Evans 2006). SCALA also allows an evaluation of the 

quality of the diffraction data. From SCALA analysis, the maximal resolution to 

which the datasets could be processed was identified using a resolution cut-off of 

<I/sigma(I) ≥ 1.3. For I/δ(I) ≤ 1.3, the signal to noise ratio was judged too poor for 

data processing. The extent of radiation damage and internal consistency of the 

datasets were assessed from relative B factors and Rmerge.  

 

Protein crystals contain a significant amount of solvent, which in general is found 

between 27 and 78 % (Matthews 1968). If the molecular weight of the protein is 

known, the solvent content can be used to determine the number of molecules that fit 

in the asymmetric unit of a given space group and unit cell. The solvent content of 
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Lsm[4+1] crystals was analysed using the cell content analysis tool in CCP4 

(Matthews 1968; Kantardjieff and Rupp 2003). 

 

2.4.4 Phasing of diffraction data  

 

The diffraction experiment provides us with a pattern of reflections. The intensities 

at any given point (hkl) of the diffraction pattern are the result of the interference 

from waves diffracted by electrons in the crystal lattice. Waves are described by an 

amplitude and a phase angle. Depending on their phase angle, the diffracted waves 

interfere constructively or destructively and their sum determines the detected 

reflections. Hence, the observed diffraction pattern can mathematically be expressed 

as the Fourier transform of the electron density. As a consequence, we can use an 

inverse Fourier transform to calculate the electron density at a given point xyz in the 

asymmetric unit (Taylor 2003): 

 

 

ρ(xyz) =
1
V

| Fhkl | exp(iαhkl)exp(−2πihx + ky + lz)∑
              

(2-3) 

 

where V describes the volume of the unit cell, Fhkl the structure factor 

amplitude and α the phase angle.  

 

The unit cell volume and the amplitudes of the structure factors can be directly 

obtained from the recorded reflections, however, information regarding the phases is 

lost. Hence, phases need to be determined experimentally or molecular replacement 
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must be employed to orient a homology model in the experimental unit cell. The 

oriented model can then be translated relative to the origin of the experimental unit 

cell (Taylor 2003). This is what is referred to as the phase problem. In this study, the 

phase problem was tackled by molecular replacement. 

 

Molecular replacement attempts to place a search model in the asymmetric unit of 

the crystal. Search models for phasing were identified with the Basic Local 

Alignment Tool (BLAST) (Altschul et al. 1990) implemented in NCBI. Search 

models were edited using the programs CHAINSAW (Stein 2008) and PHENIX 

Sculptor (Bunkoczi and Read 2011) based on pairwise sequence alignments with the 

Lsm4 and Lsm1 target sequences. A varying number of these models was placed in 

the asymmetric unit using the PHASER program (McCoy et al. 2007) in CCP4. 

Positioning a search model in the asymmetric unit requires a six-dimensional search 

that covers three dimensions of rotational space and three dimensions of translation. 

PHASER aims to determine the orientation of the search model and its position in 

the asymmetric unit through maximum likelihood probability theory and multivariate 

statistics. Molecular replacement using PHASER was performed using either the 

automated molecular replacement function or separate searches for rotation and 

translation functions. 
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3 Solution behaviour of Lsm polyproteins 

 

In eukarya, Lsm proteins form heteromeric complexes of heptameric composition. 

The heptamer containing Lsm proteins 1-7 differs in RNA target, function and 

cellular localisation from that made up from Lsm 2-8. Our current understanding of 

the composition and assembly of heteromeric Lsm complexes is shaped by 

knowledge concerning the Sm protein system. The heptameric Sm complex is likely 

to assemble sequentially about pre-mRNA from three preformed subcomplexes: 

SmD1/D2, SmD3/B, and SmF/E/G (Raker et al. 1996; Beggs 2005). This suggests 

that corresponding dimer and trimer complexes of Lsm, namely Lsm2/3, Lsm4/1, 

and Lsm6/5/7, are very likely to possess some inherent stability and are also worthy 

of study as independent modules. This hypothesis is supported by the successful 

preparation of stable recombinant assemblies of these Lsm complexes, in octa-, tetra- 

and trimeric forms by co-expression (Zaric et al. 2005).  

 

When expressed individually, recombinant Lsm products are often obtained in low 

yield or not at all (Zaric et al. 2005; Sobti 2008). Those Lsm proteins successfully 

produced tend to aggregate or form stable homomeric complexes (Naidoo et al. 

2008). Thus, preparation of mixed Lsm assemblies has in the past required extensive 

refolding steps. Coexpression of Lsm complexes has significantly improved 

expression levels and solubility (Zaric et al. 2005) and allowed the preparation of 

some discrete heteromeric complexes.  
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The protein structure group at Macquarie University has been investigating an 

alternative production route for mixed Lsm complexes by preparation of polyprotein 

versions of Lsm[2+3] and Lsm[4+1] (Sobti et al. 2010). When utilised as baits for 

affinity pull-down experiments within yeast lysate, appropriate groups of Lsm 

proteins are captured. These results demonstrate that dynamic rearrangements of 

Lsm complexes occur in vivo, possibly as discrete Lsm sub-complexes and also 

establish the functional integrity of polyprotein forms (Sobti et al. 2010).  

 

In order to pursue structural and functional characterisation of the Lsm sub-

complexes, large quantities of highly pure protein must be prepared in vitro, often a 

major bottleneck in structural studies (Chayen and Saridakis 2008). To meet this 

demand, I have continued to develop and optimise the production of Lsm 

polyproteins. Figure 3.1 outlines this approach in which Lsm gene products are fused 

by a covalent linker sequence utilising natural sequence segments. N- and C-termini 

from the flexible linker sequences are presumed not to interfere with the integrity 

and correct folding of the individual component Lsm domains (Figure 3.1). The N-

terminal sequence comprises a hexaHis affinity tag coupled with a protease cleavage 

site (not utilised in my preparations). This sequence provides for rapid purification 

but adds some charged residues additional to the native Lsm fold, and may modulate 

solution behaviour. However, a recent study on the archaeal relative HvLsmα 

incorporating an identical N-terminal sequence demonstrated native-like RNA 

binding (Fischer et al 2011). 

 

The polyprotein approach for Lsm guarantees stoichiometric expression of the 

individual components to assemble coherent oligomeric forms. To obtain insights  
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Figure 3.1| Dual Lsm polyprotein constructs. A) Sequences of Lsm polyproteins Lsm[4+1], 

Lsm[4+1ext] and Lsm[2+3]. B) Proposed representation of polyprotein quaternary assemblies in this 

case for Lsm[4+1]. (Lsm4-red, Lsm1-blue). Circular form based on observed crystal structure of 

Lsm[3]8 (Naidoo et al. 2008). 
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into their oligomerisation behaviour and to ultimately identify conditions that enable 

the isolation of stable monodisperse polyprotein complexes, I have performed 

extensive solution-state characterisation using biophysical methods. These probes 

will guide our efforts to ensure correct folding and assembly of the Lsm polyprotein 

complexes.  

 

3.1 Preparation of recombinant Lsm polyprotein complexes 

N-terminally His6-tagged versions of the polyproteins Lsm[4+1], Lsm[4+1ext] and 

Lsm[2+3] were prepared in bacterial cells. Early preparations showed incorporation 

of the bacterial Lsm paralogue Hfq. To prevent this contamination, the Hfq deficient 

E. coli strain MRE5 was used for the production of these polyproteins. The gene 

sequences of LSM 1-4 contain 9-13 rare tRNA codons. Hence, Lsm expression 

constructs were co-transformed with a plasmid encoding for rare tRNAs. Ampicillin 

resistance conferred by the vector carrying the Lsm genes and chloramphenicol 

resistance encoded on the pRARE plasmid allowed selection for cells containing 

both plasmids.  

 

Following the generation of Lsm expression cell lines, levels of polyprotein 

expression were optimised with respect to temperature and induction method in 

small-scale expression trials (2 ml). Protein expression levels at 16 and 25 °C were 

analysed as were various induction methods: 0.1 mM IPTG, 1 mM IPTG and auto-

induction. For the polyprotein Lsm[4+1], cultures incubated for 12 - 24 h at 25 °C 

and induced with either 1 mM IPTG or via auto-induction showed good product 
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yield. Figure 3.2 shows the SDS-PAGE gels for these conditions with a band at ~25 

kDa, consistent with the polyprotein mass. As highest yield was observed for auto-

induction cultures, auto-induction at 25 °C was chosen as the standard expression 

method for Lsm[4+1]. Expression of the related polyprotein construct Lsm[4+1ext] 

via auto-induction is also optimal at 25 °C. Expression of polyprotein Lsm[2+3] at 

25 °C is not critically dependent on the induction method (Figure 3.2).  

Thus, for ease of handling, auto-induction was used for the preparation of Lsm[2+3]. 

By these means, general production yields of 30 mg/ml, 20 mg/ml and 15 mg/ml for 

Lsm[4+1], Lsm[4+1ext] and Lsm[2+3] were routinely obtained. 

 

Due to the presence of an N-terminal His6-tag, high purity of all products was readily 

obtained through the use of IMAC purification, followed by a SEC polishing step to 

separate oligomeric components. SDS-PAGE analysis of single species of  

Lsm[4+1], Lsm[4+1ext] and Lsm[2+3] yields bands at ~25, ~30, and ~25 kDa, 

respectively (Figure 3.3) and indicates good chemical purity. The high quality of 

these polyprotein preparations is further ensured by absorbance scans (Figure 3.3) 

(Warburg and Christian 1941). A260/A280 absorbance ratios of ~0.6 in each case 

indicate the absence of nucleic acid contaminants in my protein preparations.  



 
 
Solution behaviour of Lsmpolyproteins                                                                                             63 
 
 

 

0.1 1 AI 0.1 1 AI 0.1 1 AI 0.1 1 AI AI 1 

10- 

20-

30-

50- 

90-

MW  16 °C  25 °C  MW  16 °C  25 °C  

10- 

30- 

50- 

100- 

20- 

MW  16 °C  25 °C  

A B C 

0.1 

Figure 3.2| SDS-PAGE of soluble fractions from expression trials for Lsm polyproteins. A) Lsm[4+1], B) Lsm[4+1ext], C) Lsm[2+3]. 

Three induction methods and two temperatures were compared. Induction methods are indicated below the lanes; 0.1 mM IPTG (0.1), 

1 mM IPTG (1), auto-induction (AI). Expression cultures are grown overnight for IPTG induction and 24 h for auto-induction. Arrows 

indicate polyprotein bands.  
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Figure 3.3| Purification of Lsm polyproteins. A) Lsm[4+1], B) Lsm[4+1ext], C) Lsm[2+3]. 

SDS-PAGE gels show samples taken from crude lysate (L), soluble lysate fractions (S), 

unbound fractions (U), wash fractions (W), IMAC elution fractions (E), SEC purified 

samples (SEC). Molecular weight markers are indicated by MW. UV-traces display the 

absorbance of purified Lsm polyprotein samples in the range of 220-350 nm.  
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3.1 Quaternary structures of Lsm polyproteins in solution 

3.2.1 Polyprotein Lsm[4+1] 

Following purification, samples of Lsm[4+1] were subjected to analytical SEC in a 

standard Tris buffer (20 mM, pH 8.0) to ascertain the quaternary structure for the 

solution complex. In a moderate level of salt (400 mM NaCl), as well as glycerol (10 

% v/v), three distinct protein species can be identified. Figure 3.4 shows these as 

three distinct peaks by SEC corresponding to masses of 220 kDa (fraction I), 100 

kDa (fraction II) and species > 1300 kDa (V0). These values are consistent with 

discrete octameric and tetrameric Lsm complexes (fractions I and II, respectively), in 

solution, as well as large aggregate species. The formation of discrete octameric and 

tetrameric complexes is reminiscent of stacked and single ring structures previously 

defined by the crystal structure of Lsm3 (Naidoo et al. 2008). These assemblies of 

Lsm[4+1] will be referred to as Lsm[4+1]4 and Lsm[4+1]8. 

 

In Tris buffer with 400 mM NaCl and glycerol, this polyprotein appears to exist as ~ 

85 % Lsm[4+1]4 and 15 % Lsm[4+1]8 (proportions assessed by peak integration of 

SEC traces). These two species do not kinetically interconvert, as isolation of 

individual fractions and subsequent reapplication to the SEC column results in a 

single form only. Figure 3.4 demonstrates the purity of a Lsm[4+1]4 sample prepared 

in this manner: the rechromatographed fraction yields a symmetric single peak, with 

no signs of any redistribution into multiple species. Subsequent SEC-MALLS 

analysis reveals a monodisperse average mass of 92 kDa over the peak, clearly  
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Figure 3.4| Solution state of the polyprotein Lsm[4+1] analysed by analytical SEC 

and SEC-MALLS in Tris buffer (20 mM, Tris pH 8.0) with 400 mM NaCl, 10 % v/v 

glycerol. A) IMAC-purified Lsm[4+1] separated on a Superdex 200 10/300 GL 

column at 0.5 ml/min. B) Re-chromatographed fraction II material. C) SEC-MALLS 

analysis of isolated fraction II. The molecular weight of each point across the 

chromatogram is indicated as red line.  

V0 

440 158 75 44 29 13.7 

Calibrated native weight / kDa 

I 

II 

92 kDa 

A 

B 

C 

V0 



Solution behaviour of Lsm polyproteins                                                                                                  67 
 
 

 

confirming a single stable complex of tetrameric composition (theoretical tetramer 

mass = 92.21 kDa).  

 

The solution behaviour of Lsm[4+1] preparations and their mixed components was 

further probed in a search for stabilising conditions. Dielectric and ionic strength 

effects on affininty-purified polyprotein were probed. 

 

Comparison of Lsm[4+1] samples purified in standard Tris buffer conditions (20 

mM, pH 8.0 with 400 mM NaCl) demonstrates that the oligomerisation distribution 

of the polyprotein is markedly affected by glycerol. A comparison of panels A and D 

in Figure 3.5 demonstrates that without the polyol many fractions are present. These 

are consistent with multiple oligomeric forms of 200 kDa and above. Approximately 

20 % of the material appears to arise from Lsm[4+1]4 (fraction II) only. However, 

with the addition of glycerol (at 10 % v/v), the distribution of these higher molecular 

weight species is dramatically altered. While some large species are observed to pass 

in the void volume, the majority of material (85 %) elutes as fraction II, i.e. 

attributable to Lsm[4+1]4. Only a smaller proportion corresponds to Lsm[4+1]8 

(fraction II), and a discrete 20-mer (fraction III) may be evident within the SEC trace 

(corresponding to ~450 kDa) at a very low level. 
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Figure 3.5| SEC profiles of Lsm[4+1] preparations on 

Superdex 200 10/300 GL column at 0.5 ml/min.  Traces 

are obtained in Tris buffer (20 mM, pH 8.0) with additional 

components. A) NaCl (400 mM), B) NaCl (200 mM), C) 

NaCl (50 mM), D) NaCl (400 mM), glycerol (10 % v/v). 

Dashed line corresponds to native mass elution for 

Lsm[4+1]8 and Lsm[4+1]4 (named fractions I and II). 

Possible Lsm[4+1]20 (III). 
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Solvent ionic strength was also found to strongly affect the oligomerisation 

behaviour of Lsm[4+1]. Samples containing intermediate levels of salt (200 mM 

NaCl; Figure 3.5 B) show a significant loss in the amount of material present as 

Lsm[4+1]4, and a very different and broad mass distribution of species. This is 

altered yet again as the salt concentration is further reduced to 50 mM NaCl. In this 

case, the average molecular weight of the Lsm[4+1] species present is close to 640 

kDa, possibly corresponding to a 28-mer, and a significant amount of material also 

elutes at V0 (Figure 3.5 C).  

 

Table 3.1 summarises the trend for the stabilisation by salt on the tetrameric form of 

Lsm[4+1]. This solution form is stabilised at high salt concentrations.  The trend to 

larger, possibly stacked species with lower salt indicates the Lsm stacking 

mechanism to be driven by electrostatic forces. Two types of multimerisation have 

been seen in Lsm crystal structures engaging either face-to-face or head-to-tail 

stacking of Lsm rings. Weakened intermolecular forces due to an inrease in counter 

ion concentration explains the preference for smaller single-ring complexes at high 

salt concentrations. 

 

 

Table 3.1| Estimated tetramer content of Lsm[4+1] and Lsm[2+3] preparationsa 

Buffer additivesb Lsm[4+1]4 
content (%) 

Lsm[2+3]4 
content (%)  

400 mM NaCl, 10 % glycerol 85    70 
400 mM NaCl 20    60 
200 mM NaCl 0    40 
  50 mM NaCl 0 < 40 
a relative proportions of oligomers assessed by peak integration using UNICORN 4.12  
b components additional to Tris buffer (20 mM, pH 8.0) 
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Face-to-face stacking of two Lsm rings has been observed to cause close packing of 

the His residues comprising the affinity tag at the N-terminus (Naidoo et al. 2008). 

Evidence for any multimerisation mediated by these residues is provided noting the 

pH dependence of the oligomeric composition. Lsm[4+1] samples analysed by SEC 

in MES buffer (20 mM, pH 6.0) containing both NaCl (400 mM) and glycerol (10 % 

v/v) display a large number of high mass species (Figure 3.6). This indicates an 

enhanced formation of larger Lsm multimers with a protonated rather than neutral 

His imidazole sidechain. Such a change in the oligomeric distribution is consistent 

with electrostatically-mediated ring stacking. Similar pH effects on the oligomeric 

state have also been observed for Lsm3 and Lsm[2+3] in previous solution studies 

(Naidoo et al. 2008; Sobti et al. 2010). 

 

Overall, in order to prepare the most stable solutions of tetrameric Lsm[4+1], I have 

found best conditions to be at high salt and pH. Accordingly, for further biophysical 

work on this protein the solvent was Tris buffer (20 mM, pH 8.0) with NaCl (400 

mM) and glycerol (10 % v/v).   
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Figure 3.6| pH dependency of the oligomeric state of Lsm[4+1]. SEC traces of 

Lsm[4+1] run on a Superdex 200 10/300 GL column. A) pH 8.0 (20 mM Tris, 400 

mM NaCl, 10 % glycerol), B) pH 6.0 (20 mM MES buffer, 400 mM NaCl, 10 % v/v 

glycerol). Lsm[4+1]4 assemblies are indicated by a dashed line.  
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3.2.2 Polyprotein Lsm[4+1ext]  

This variant of the polyprotein Lsm[4+1] incorporates the full C-terminal region of 

Lsm1, i.e. containing an additional 50 amino acids to Lsm[4+1] (Figure 3.1). The 

added residues are highly charged and are considered to be outside any folded 

domain. This species is of interest, as the flexible and charged C-terminus is likely to 

serve as recruitment point for RNA and protein partners, as seen for Sm proteins 

(Weber et al. 2010). A highly charged exposed C-terminal segment, attached at the 

proximal face of any Lsm toroid, may also elevate stacking of rings.   

 

In my standard Tris buffer conditions, Lsm[4+1ext] can be seen by SEC to be 

possibly more diverse in its oligomeric forms than Lsm[4+1] under the same 

conditions (Figure 3.7).  

 

While the main peak (at 140 kDa) likely corresponds to a tetrameric composition, 

shoulders are present, indicating octameric even monomeric groupings. Material 

rechromatographed from fraction II is shown by static light scattering to be 

monodispere with a mass average of 116 kDa consistent with Lsm[4+1ext]4 (116.64 

kDa). A peak corresponding to a mass of 30 kDa is detected in reinjected material, 

confirming the formation of a small percentage of monomeric species over time. As 

a consequence, it can be reasoned that this polyprotein version is more dynamic in 

quaternary structure than Lsm[4+1]. 
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Figure 3.7| Solution state characterisation of the polyprotein Lsm [4+1ext] using 

SEC coupled to static light scattering. Purified protein samples are analysed by 

analytical SEC and SEC-MALLS in 20 mM Tris pH 8.0, 400 mM NaCl, 10 % glycerol. 

A) IMAC purified Lsm[4+1] separated on a Superdex 200 10/300 GL gel filtration 

column at 0.5 ml/min. B) Re-chromatographed fraction II. C) SEC-MALLS analysis of 

isolated fraction II. A red line represents the molecular weight of each point in the 

chromatogram. 
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3.2.3 Polyprotein Lsm[2+3] 

This polyprotein has been studied previously in this laboratory (Sobti et al. 2010). 

Using my optimal Tris buffer/salt/glycerol system, only clear tetra and octameric 

Lsm[2+3] assemblies occur in solution (Figure 3.8). As outlined in Table 3.1, the 

ratio of octameric to tetrameric forms is approximately 30:70 %, indicating an 

elevated preference for octamer formation relative to Lsm[4+1]. The two Lsm[2+3]4 

and Lsm[2+3]8 fractions can be stably isolated and do not interconvert. Subsequent 

SEC-MALLS analysis of Lsm[4+1]4 material reveals an average molecular weight of 

88 kDa, consistent with a tetrameric organisation (93.88 kDa). 

 

The increased stacking propensity for rings of Lsm[2+3] may arise from differences 

in the linker sequences: 

• DNIIDEADLYLDQYNFT for Lsm[4+1] and 

•  NMVDTNLLQDATRREVMTERKMET  

which likely lie along the proximal face of each single toroid of the Lsm tetramer. 

Certainly, this segment is far larger in Lsm[2+3], possibly providing increased 

interaction points which can be utilised in face-to-face packing for an octamer .  
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Figure 3.8| Lsm[2+3] SEC profile. Purified protein samples are applied to a 

Superdex 200 10/300 GL column and run in Tris buffer (20mM, pH 8.0) containing 

400 mM NaCl and 10 % glycerol at 0.5 ml/min. A) IMAC purified polyprotein 

separated via SEC showing two distinct fractions. B) Isolated and re-

chromatographed fraction II from A. C) SEC-MALLS of isolated fraction II. A red line 

represents the molecular weight distribution.
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Similar to Lsm[4+1], the effects of glycerol and the NaCl concentration on the 

solution state of the polyprotein were probed (Figure 3.9). As summarised in Table 

3.1 the same trend of stabilisation of tetrameric polyprotein species by glycerol and 

high salt concentrations is observed for Lsm[2+3]. This is consistent with the 

proposed mechanism of electrostatically mediated polyprotein stacking. Reduction of 

the ionic strength to 50 mM NaCl seems to have a severe effect on the 

oligomerisation behaviour of the protein: total absence of tetrameric assemblies and 

the formation of a wide size distribution including monomeric forms are observed. 

Monomer formation in low salt conditions indicates that electrostatics may even 

override the H-bond stability of the β-propeller of the toroid. 
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Figure 3.9| SEC profiles of Lsm[2+3] at various solvent 

conditions on a Superdex 200 10/300 GL column at 0.5 

ml/min. Traces are obtained in Tris buffer (20 mM, pH 

8.0) with additional components. A) NaCl (400 mM), B) 

NaCl (200 mM), C) NaCl (50 mM), D) NaCl (400 mM), 

glycerol (10 % v/v). Dashed lines highlight octameric 

and tetrameric assemblies. 
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3.3 Conclusion 

Using suitable solvent conditions, I could isolate stable tetramers of Lsm 

polyproteins by SEC. Reinjection of isolated tetramers on an analytical SEC column 

results in a single oligomeric species and SEC-MALLS confirms tetrameric 

composition. SEC results demonstrate that the oligomeric state of Lsm polyproteins 

depends on the solvent compositions, in particular on the presence of glycerol, the 

ionic strength and the pH of the solvent.  

 

Selective stabilisation of Lsm[4+1]4 by glycerol was observed. Glycerol can induce 

conformational changes towards a more compact and ordered state increasing protein 

stability (Priev et al. 1996; Scharnagl et al. 2005) and reduce protein flexibility 

(Knubovets et al. 1999). Glycerol has been observed to reduce partial unfolding of 

proteins (Kornblatt et al. 1993; Mishra et al. 2007) and to inhibit protein aggregation 

(Chi et al. 2003). Underlying mechanisms include: 

i) preferential hydration of volume increments by direct interaction of glycerol 

and protein via electrostatic contacts (Scharnagl et al. 2005; Vagenende et al. 

2009), and 

ii) non-specific steric exclusion of glycerol (Scharnagl et al. 2005; Vagenende et 

al. 2009). 

Both mechanisms provide an explanation for glycerol-induced stabilisation of 

tetrameric Lsm polyprotein complexes. In order to retain a thermodynamically 

favourable situation, glycerol is preferentially excluded from the protein surface. 

This is achieved by a minimisation of the protein-solvent interface through tight 
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packing and compaction of the protein resulting in the aggravation of intermolecular 

contacts and a less dynamic conformation.  

 

Observed salt effects on Lsm oligomer distribution suggest electrostatic stacking of 

polyprotein complexes. This may be due to  

 

i) Face-to-face stacking of tetramers. Packing interactions in the crystal 

structure of Lsm3 include face-to-face stacking of two octameric rings 

mediated mainly via the N-termini (Naidoo et al. 2008). They include a salt 

bridge between Glu2 and Lys9 of two interacting octamers, and contacts 

between the imidazole rings of His5 and His6 of the N-terminal His6-tag. 

His1-4 have not been resolved in the crystal structure, which could be due to 

the flexibility of the tag. However, they are likely to make additional contacts 

across the octamer interface.  

 

ii) Head-to-tail stacking of tetramers. Stacking of archaeal MtLsmα has been 

observed to occur via electrostatic contributions of acidic residues in loop L4 

(EDGE) and exposed basic and polar residues (R) in the unstructured N-

terminus and the N-terminal α-helix (NRD) of the opposing subunit (Mura et 

al. 2003).  

 

Observed solvent effects on the interaction of polyprotein complexes are consistent 

with both proposed mechanisms.  
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4 Biophysical characterisation of Lsm complexes and 
their RNA interactions  

Our engineered Lsm polyprotein complexes provide valuable probes to determine the 

affinity of specific Lsm components towards RNA. Within the crystal structures of 

L/Sm proteins complexed with RNA solved to date (see Section 1.3), some details of 

the RNA-binding sites can be seen. We have classified three distinct interactions 

sites (i)-(iii) located about the Lsm toroid, and its extensions (Section 1.4). In the 

crystal structure of the U1 snRNP (Weber et al. 2010), U1 snRNA is channeled 

through the central pore (site i) with additional RNA contacts provided by extended 

termini and loop L4 regions of individual Sm component proteins (Figure 4.1).  

 

Gel-shift assays conducted with U-rich RNA indicated that polyproteins Lsm[2+3]4, 

Lsm[4+1]4 and octameric Lsm[3] have differential RNA-binding capacities (Sobti et 

al. 2010). RNA trialed in these affinity studies included the oligonucleotides A2U5, 

U10, (AU)5, and A10, for which Lsm proteins are thought to have some affinity 

(Achsel et al. 1999; Raker et al. 1999; Chowdhury et al. 2007; Link et al. 2009). 

Interestingly, in this gel-shift study, the octameric complex Lsm[3]8 did not display 

any detectable level of RNA binding.  

 

In this chapter, I investigate more detailed aspects of Lsm-RNA binding events 

utilising a variety of solution state biophysical methods. 
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Figure 4.1| Interactions of Lsm 1, 2,3 and 4 Sm paralogues SmB, SmD1, SmD2 and SmD3 with U1 snRNA. Figures adapted from 
(Weber et al. 2010). 
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4.1 Small Angle X-ray Scattering (SAXS) 

From previous solution state characterisation it is evident that polyproteins Lsm[4+1] 

and Lsm[2+3] form stable tetrameric and octameric complexes. Physical parameters 

are lacking however, as whether these assemblies are arranged as single and stacked 

ring structures similar to octameric Lsm3. Accordingly, I utilised the solution-based 

technique of SAXS to pursue structural characterisation of my polyprotein 

complexes. Toroids can be readily distinguished from other aggregates and shapes by 

their X-ray scattering patterns, and the technique is therefore highly suitable for 

probing the dimensions and forms of Lsm complexes. 

 

4.1.1 Theory of Small Angle X-ray Scattering 

The electric field E(r,t) of X-rays scattered by an electron can be described by the 

Thompson relation: 

 

)(sin),( 0 tE
r

rtrE Ψ
=

               (4-1)
 

 

wherein r0 describes the electron radius, Ψ the polarisation angle, r the 

distance between the observer and the scattering event.  

 

In an experimental setup, the amplitude of the wave is usually detected as intensity, 

I, which can be related to the scattering angle (2θ) for the incident beam intensity I0: 
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(4-2)
 

 

In analogy to scattering by a single electron, the scattering of assemblies of electrons 

(such as provided by macromolecules) is given by the sum of all electromagnetic 

waves scattered by each electron in the molecule. Distances between the scatterers 

(∆) give rise to a phase difference ( ϕ) between the waves: 

 

ϕ = s ⋅ ∆                 (4-3) 

|s| = 4π sinθ / λ                (4-4) 

 

with the momentum transfer vector (s) and the wavelength λ.  

 

For two atoms in a molecule, ∆ can be regarded as a fixed distance. Thus, the 

amplitudes of the scattered waves can be summed up with an appropriate phase shift 

by Fourier transformation.  

 

Scattering from a randomly oriented particle in solution results in spherically 

symmetric intensities in all possible directions (isotropic scattering). This will 

include contributions from the macromolecule, the sample buffer and the capillary 

used in data collection. Subtraction of buffer and capillary signals from collected 

data yields the scattering of the macromolecule, which is a function of the 

momentum transfer vector (s). For a homogenous sample, the scattering curve I(s) 

results from the spherically-averaged electron distribution p(r) of the macromolecule: 

 

I(2θ ) = r0
2(

1+ cos2(2θ)
2

)
1
r2 I0
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p(r) =
1

2π 2 srI(s)⋅ sin(sr)ds
0

∞

∫               (4-5) 

and can be computed as  

 

dr
sr

srrpsI
D )sin()(4)(

max

0
∫= π

                 (4-6)
 

 

where Dmax is the maximal distance within the particle.   

 

At low resolution, the intensities of scattered X-rays can be approximated by the 

Guinier relation (Mertens and Svergun 2010) 

 

 

I(s) = I(0)exp(−
1
3

Rg
2s2)

             (4-7)
 

 

where Rg is the radius of gyration of the particle. Generally, this 

approximation is assumed to be valid for a range of Rg * s < 1.3.  

 

Rg can also be extracted from the p(r) (Koch and Svergun 2003) 

 

 
∫

∫=
drrp

drrpr
Rg )(2

)(2
2                (4-8) 

For well behaved samples, a plot of ln I(s) over s2 results in a linear relation from 

which I(0) and Rg can be extracted. Deviations from linearity indicate nonideal 

samples and may influence further data processing steps (Mertens and Svergun 

2010) (Figure 4.3). 
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Indirect Fourier transform (Glatter 1977), a mathematical method allowing the 

construction and evaluation of trial electron distribution functions (pr) against 

experimental scattering data, provides the electron pair distribution function p(r). 

This function provides a histogram of distances between electron pairs in the 

scattering particles. It can be regarded as the SAXS equivalent of the Patterson 

function in X-ray crystallography (Putnam et al. 2007). 

 

At low angles, the scattering intensities of folded macromolecules follow Porods law 

(Putnam et al. 2007): 

 

 

I(s) ∝ s−4
               (4-9a) 

 

However, at high scattering angles, this relation does not hold and the equation must 

be expanded to describe the fractal degrees of freedom (df) (Putnam et al. 2007): 

 

 

I(s) ∝ s−df
              (4-9b) 

 

Due to the random orientation of unfolded coils, the scattering interference patterns 

of these cancel out and intensities decay with a df that is significantly different from 

folded globular proteins (5/3 and 4, respectively) (Putnam et al. 2007). Because of 

this phenomenon, a Kratky representation of I(s) over s2 can reveal the degree of 

unfolding. Folded proteins typically yield a symmetric peak at low angles followed 

by a plateau at high angles. Unfolded domains lack this clear peak and display an 

increase of I(s) with s2 (Doniach 2001; Putnam et al. 2007) (Figure 4.5).  
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4.1.2 Scattering by Lsm polyprotein complexes 

Having prepared stable samples of Lsm[4+1]4, Lsm[2+3]4 and Lsm[2+3]8, these 

could be analysed using the SAXS beamline at the Australian Synchrotron. In the 

Melbourne setup available to users, it is possible to collect SAXS data in-line with an 

SEC system. Thus, protein preparations can be separated into their component 

oligomeric fractions and individually investigated. Figure 4.2 compares the 

theoretical scattering intensities of typical geometrical shapes with the experimental 

scattering data collected for Lsm polyproteins. To ensure monodispersity, all samples 

are injected on a Superdex 200 5/150 GL gel filtration column in line with the SAXS 

beamline. Data were continuously collected as samples eluted from the column. 

Scattering patterns from Lsm polyproteins are radially averaged to derive one-

dimensional scattering curves and scattering contributions of the buffer were 

subtracted from the presented curves.  

 

Lsm[4+1]4 and Lsm[2+3]4 assemblies yield scattering curves reminiscent of 

cylindrical particles, while Lsm[2+3]8 seems to be slightly more elongated.  

 

To assess data quality and to allow more precise definition of molecular dimensions, 

Guinier plots were calculated (Figure 4.3). The fact that scattering of all the 

polyprotein complexes yields linear Guinier plots and that scattering data did not 

show any upward curvature at low angles allows us to exclude sample aggregation. 

For the sample of Lsm[4+1]4, a small degree of inner-particle repulsion is indicated 

by a slight intensity decrease of the seven first data points. Seven data points were 

consequently removed from these data. Overall, however, good linearity is observed, 

signifying data quality is sufficient for further processing and shape determination.  
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Figure 4.2| Scattering curves of Lsm polyproteins and typical geometric 

shapes. A) Scattering curves for typical geometric shapes long rod (cyan), 

prolate (red), cylinder (blue), dumbbell (green) and sphere (black). Figure  

adapted from Mertens and Svergun (2010). B) Recorded buffer subtracted 

scattering curves for Lsm[4+1]4 (blue), Lsm[2+3]4 (red) and Lsm[2+3]8
(green).  
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Figure 4.3| Guinier plots of Lsm polyproteins and BSA samples. A) BSA samples 

showing aggregation (1), good data (2) and inner particle repulsion (3). Figure 

adapted from Mertens and Svergun (2010). B) Guiner fits derived for tetrameric 

Lsm[4+1]4 (blue), Lsm[2+3]4 (red) and Lsm[2+3]8 (green). Intensities are scaled 

according to concentration and to I0. 
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The slopes of the Guinier plots yield Rg values in reciprocal space (equation 4-7). 

Results obtained were as follows: for tetrameric complexes of Lsm[4+1] and 

Lsm[2+3] Rg
rec

 are calculated as 31.9 ± 0.52 Å, 29.2 ± 0.4 Å, respectively. The 

octameric species analysed, namely Lsm[2+3]8, yielded scattering consistent with 

Rg
rec of 46.8  ± 1.82 Å. A comparison of all listed parameters is listed in Table 4.1. 

 

 

Indirect Fourier transformation of collected data (GNOM) produced smooth bell-

shaped electron-pair distribution functions (p(r)) for all complexes. For tetrameric 

groupings, i.e. polyproteins Lsm[4+1]4 and Lsm[2+3]4, real space radii of gyration 

(Rg
real) of 30.7 ± 0.05 Å and 28.4 ± 0.08 Å, and maximal particle dimensions of 75.5 

Å, respectively were obtained (Figure 4.4). Rg values calculated (CRYSOL) from the 

crystal structures of hexameric Hfq (PDB 1HK9), heptameric Lsmα (PDB 1I81) and 

octameric Lsm3 (PDB 3BW1) yielded 23.6, 25.4 and 29.8 Å, respectively. The value 

obtained for Lsm[3]8 is consistent with the dimensions of polyproteins Lsm[4+1]4 

and Lsm[2+3]4. 

Table 4.1| Geometric parameters derived from scattering data of Lsm polyproteins 

Parametera Lsm[4+1]4
b Lsm[2+3]4

 b Lsm[2+3]8
 c Lsm[2+3]4 + U10

 b 

Rg
rec  (Å) 31.9 ± 0.52 29.2 ± 0.4 46.8 ± 1.82 29.5 ± 0.2 

Rg
real  (Å) 30.7 ± 0.05 28.4 ± 0.08 44.4 ± 0.35 28.4 ± 0.06 

Dmax  (Å) 75.5  75.5  135.0 77.5 
 χ2 0.81 ± 0.002 0.49 ± 0.001 0.41 ± 0.002 0.44 ± 0.001 
NSD 0.53 ± 0.02 0.50 ± 0.04 0.67 ± 0.03 0.56 ± 0.05 
a  Rg

rec, reciprocal space radius of gyration derived from Guinier approximation; Rg
real, 

real space radius of gyration from distance distribution function; Dmax, maximum 
particle diameter; χ2, averaged discrepancies of experimental scattering data and 
eight independent ab initio models; NSD, averaged normal spatial discrepancies for 
eight independent ab initio models. 
b Data obtained in Tris buffer (20 mM, pH 8.0) with NaCl (400 mM) and glycerol (10 
% v/v) 
c Data obtained in Tris buffer (20 mM, pH 8.0) with NaCl (200 mM)  
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Figure 4.4| Electron distribution functions of Lsm polyproteins and typical 

geometric shapes. A) Long rod (cyan), prolate (red), cylinder (blue), 

dumbbell (green) sphere (black). Figure adapted from Mertens and 

Svergun (2010). B) Lsm[4+1]4 (blue), Lsm[2+3]4 (red) and Lsm[2+3]8  

(green). Traces were normalised to unity at their maxima similar to (Nakel 

et al. 2010). 
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The p(r) function obtained for Lsm[2+3]4 shows a slightly narrower distribution, 

possibly due to a slightly more compact conformation. Lsm[2+3]8 displays an 

elongated distribution function yielding an Rg
real value of 44.4 Å consistent with a 

Dmax of 135 Å. The real space radii of gyration are in good agreement with the 

reciprocal space data derived from the Guinier fit.  

 

It is possible to detect from these data that all polyproteins exist in a folded globular 

state. All samples yield Kratky plots with a clear peak at low s values (Figure 4.5). 

No systematic signal increase is apparent and the peak at low angles is followed by a 

plateau at higher s values. For comparison, all three Kratky plots are normalised with 

respect to I(s) * s2.  

 

A more detailed picture concerning the molecular forms within my samples can be 

obtained from the p(r) distributions, from which ab initio calculations (DAMMIN) 

lead to three-dimensional molecular envelopes. Lsm[4+1]4 and Lsm[2+3]4 yield disc 

shaped bead models each with lateral diameters of 75 Å and a height of 50 Å. In the 

case of Lsm[4+1]4, a central pore can be resolved within this solution structure as 

seen in Figure 4.6. Crystal structures of Lsm complexes vary in complex diameters 

between 60-75 Å (Moll et al. 2011). Using the previously determined crystal 

structure of the ring shaped Lsm[3]8 complex, a diameter for this simple octamer can 

be determined as 75 Å. Thus, the observed particle dimensions for the tetrameric 

Lsm polyproteins appear to be consistent with this molecular form.  
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Figure 4.5| Kratky plots of Lsm polyprotein and lysozyme scattering data. 

Kratky plots are normalised to unity at I(s) s2. A) Folded (1), partially 

unfolded in 8M urea (2), partially unfolded at 90 °C, unfolded (4) lysozyme 

in 8 M urea at 90 °C. Figure adapted from Mertens and Svergun (2010). 

B) Lsm[4+1]4 (blue), Lsm[2+3]4 (red) and Lsm[2+3]8 (green). 
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Figure 4.6| Lsm polyprotein solution structures. Sorted and averaged bead models are displayed on top. Experimental scattering 

data (blue) is fitted to simulated curves of the best bead models (red) and to the theoretical scattering pattern calculated from the 

crystal structure of a single Lsm[3]8 ring (PDB 3BW1, black) A) or two stacked Lsm[3]8 rings (green). A) Lsm[4+1]4 B) Lsm[2+3]4 C) 

Lsm[2+3]8.  



Characterisation and interactions of Lsm complexes                                                                                      95 
 
 

 

Octameric Lsm[2+3]8 yields a more elongated shape consistent with its scattering 

profile and p(r) function. Ab initio shape reconstruction yields a long cylindrical 

shape. However, the dimensions obtained for the Lsm[2+3] octamer do not agree 

with two stacked tetrameric rings. As a consequence, it can not be excluded that 

Lsm[2+3]8 adopts a solution structure different from two stacked rings. 

 

Molecular envelopes are calculated via simulated annealing without imposing 

symmetry constraints on the particle shape using space group P1. Eight bead models 

have been generated in this way and have subsequently been averaged to obtain a 

final model. Obtained models can be fitted to the experimental data with average χ2 

values of 0.8, 0.5 and 0.4 for Lsm[4+1]4, Lsm[2+3]4 and octameric Lsm[2+3]8, 

respectively. Figure 4.6 demonstrates the agreement of the best models obtained for 

the polyproteins with the experimental data. In addition, the average spatial 

discrepancy (NSD) between the input models is determined as 0.53, 0.56 and 0.67. 

This parameter allows the quantitative comparison of the agreement between three-

dimensional shapes of the same resolution (Kozin and Svergun 2001). For perfectly 

superimposed objects, the NSD tends to 0. It exceeds 1, if systematic differences are 

found between the models, hence generally values < 1 are expected for SAXS 

envelopes. This suggests that the determined molecular envelopes match the 

experimental data and individual reconstructions used for averaging are highly 

similar. Structural parameter of Lsm polyproteins determined by SAXS are 

summarised in Table 4.1.  

 

Scattering data and SAXS envelopes of Lsm[4+1]4 and Lsm[2+3]4 are compared to a 

theoretical scattering curve derived from the crystal structure of octameric Lsm[3]8 
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(PDB 3BW1) (Figure 4.6). The scattering data fit the Lsm[3]8 derived curve with  χ2 

values of 0.97 and 0.90, respectively, indicating a very good fit. However, visual 

inspection of the curves indicates some discrepancies between X-ray scattering from 

Lsm[2+3]4 and theoretical scattering data from Lsm[3]8. Comparison of scattering 

from Lsm[2+3]8 with a scattering curve derived from two stacked Lsm3 octamers 

(PDB 3BW1) yields a  χ2 value of 1.64 and visual inspection confirms a poor fit. 

Thus, Lsm3 makes a poor model for Lsm[2+3]8. 

SAXS data suggest Lsm[4+1]4 and Lsm[2+3]4 form compact, globular assemblies of 

ring or disc-like morphologies in solution. The dimensions of these particles (75 Å 

diameter, 50 Å wide) are compatible with the crystal structure of Lsm[3]8 (Naidoo et 

al. 2008) and thereby indicate similar conformations of the polyproteins.   

 

4.1.3 Solution shape of Lsm[2+3]4 with RNA 

By preparing tetrameric Lsm[2+3] in the presence of U10 (by incubation for 30 min), 

it is possible to collect SAXS data for comparison with the unbound form of the 

protein. I demonstrate in later sections of this chapter that this RNA species engages 

in significant binding with Lsm[2+3]4. 

 

Figure 4.7 shows a comparison of the SEC chromatograms for Lsm[2+3]4 with and 

without U10. In Tris buffer (20 mM, pH 8.0) containing moderately high levels of 

NaCl (400 mM) and glycerol (10 % v/v), the polyprotein itself produces a single 

species with an A260/A280 ratio of 0.6 which is indicative of pure protein (Warburg 

and Christian 1941). Two peaks are obtained for Lsm[2+3]4 with U10. The first peak 
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elutes at an elution time consistent with the mass of free Lsm[2+3]4, but displaying 

A260/A280 of 1.4.  

 

 

Figure 4.7| Size separation of Lsm polyprotein complexes prior to SAXS data collection. 

A) Lsm[2+3]4 preincubated with U10 in 1:2 ratio prior to SEC, B) Lsm[2+3]4. SEC is 

performed on a Superdex 200 5/150 GL column (Vc = 3 ml) at 0.2 ml/min in Tris buffer 

(20 mM, pH 8.0) containing NaCl (400 mM) and glyceol (10 % v/v . Sample absorbances 

recorded at wavelengths of 260 nm and 280 nm are displayed in blue for Lsm[2+3]4 (A260 

,A280 ) and in red for the Lsm[2+3]4-RNA complex (A260, A280 ). 
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A second fraction is attributed to excess RNA due to its long elution time and high 

A260/A280 ratio (2.5). An A260/A280 ratio of 1.4 obtained for peak I (Figure 4.7) clearly 

demonstrates the presence of protein and RNA in this fraction.  

 

Protein and protein-RNA complexes of Lsm[2+3]4 overall show very similar SAXS 

patterns (Figure 4.8). The radially averaged scattering curves of both samples are 

reminiscent of a disc shaped or cylindrical particle. No up or downward curvature of 

the scattering data is visible at lower angles in Guinier plots. Thus, sample 

aggregation or inner-particle repulsion in the RNA complex are excluded (compare 

Figure 4.3). The Rg for the RNA-complex is extracted from the slope of the Guinier 

plot as 29.5 ± 0.2 Å, only marginally greater than the value (29.2 Å) for the protein 

itself. From the bell shaped p(r) function a maximal particle diameter of 77.5 Å is 

estimated, an Rg
real of 28.4 ± 0.06 Å is determined. These are again only slightly 

larger than the dimensions of the free Lsm complex (Dmax = 75.5 Å; Rg = 28.4 Å). 

Figure 4.8 displays an overlay of both p(r) functions.  

 

From Guinier and p(r) analysis the dimensions of Lsm[2+3]4 with RNA are found 

slightly increased to the protein complex itself indicating the formation of a protein-

RNA complex. Both samples display very similar p(r) functions reminiscent of 

globular shape, suggesting RNA binding does not involve a pronounced 

conformational change. 

 

Kratky plots of both samples overlay perfectly and display a sharp peak at low angles 

followed by a plateau at higher angles indicating similar globular folds. Hence, it can  
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Figure 4.8| SAXS comparison of tetrameric Lsm[2+3] with the same protein 

preincubated with U10. Data were recorded at the SAXS/WAXS beamline at the 

Australian Synchrotron (Melbourne, Victoria). Red traces represent data from the Lsm-

RNA complex, blue traces data recorded for Lsm[2+3]4 A) Forward scattering 

intensities. B) Guinier approximation. C) Distance distribution functions. For 

comparison distance distribution functions are normalised to unity at their maxima 

similar to Nakel et al. (2010). D) Kratky representation of scattering data.  
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Figure 4.9| Ab initio models of Lsm[2+3]4 (blue) and a Lsm[2+3]4-U10 complex (red). Averaged models from DAMMIN are displayed 

on top. Fits of the best envelope obtained to the experimental data are displayed below. A) Lsm[2+3]4;  χ2 = 0.49. B) Lsm[2+3]4 

complexed with U10; χ2 = 0.44.  
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be reasoned that RNA-binding did not induce any profound conformational changes 

in Lsm[2+3]4.  

 

A molecular envelope was determined for the Lsm-RNA complex from the p(r) 

functions by simulated annealing. Eight disc-shaped models were calculated and 

averaged yielding a final model that matches experimental data with an average χ2-

value of 0.49 (Table 4.1). Figure 4.9 demonstrates the agreement of the best models 

obtained for Lsm[2+3]4 and the protein with U10 with experimental data. 

 

4.2 Surface plasmon resonance studies using immoblised 
RNA 

4.2.1 Theory of surface plasmon resonance 

Biomolecular interactions can be monitored in realtime by surface plasmon 

resonance (SPR). SPR is observed when a polarised light beam hits a thin metal film 

between two transparent media at a critical angle that creates total internal reflection 

(Harrick 1967). A general experimental setup is depicted in Figure 4.10. At the metal 

interface, photons from the incident beam are absorbed and their energy converted 

into an evanescent wave that propagates into the medium of lower refractive index 

(Harrick 1967; Kretschmann and Raether 1968; Katsamba et al. 2002). At a distinct 

angle (θ, the SPR angle), this energy transfer is maximal and is detected as a loss in 

intensity of the reflected beam. The value of the SPR angle depends on the refractive 

index of the two media forming the interface. 
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In an SPR-based interaction experiment, a ligand is immobilised in a flow cell at the 

interface of two transparent media. Following introduction of analyte, binding to the 

ligand changes the refractive index of the media by an amount proportional to the 

mass of bound analyte (Katsamba et al. 2002). Continuous detection of the SPR 

angle over time results in a sensorgram characterised by association and dissociation. 

In special cases when the analyte concentration is sufficient and the injection time 

long  

enough, an equilibrium phase may be reached. A regeneration step removes any 

analyte that remains bound after the dissociation phase and brings the signal back to 

baseline. 

  

In contrast to techniques such as electromobility shift assays or ITC, which monitor 

an interaction at equilibrium, SPR can be used to monitor the kinetics of protein-

RNA binding processes. Therefore, association and dissociation rates can be 

determined in addition to the overall equilibrium constant. 

 

In an ideal case where the rate of mass transport of an amount [A] of analyte to an 

amount [B] of ligand is much higher than the association rate of analyte and ligand, 

the binding reaction can be described by (Karlsson 1994): 

 

 [AB]       (4-10) [A] + [B]  

 

where ka and kd describe association and dissocitation rate constants and 

[AB] is the amount of the resulting complex.  

 

ka 

kd 
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A 

B 

A

Figure 4.10| Basic principle of SPR-based interaction experiments adapted from 

Katsamba et al. (2002). A) A wedge shaped beam of light is directed through a 

prism onto a gold coated interface formed by a flow cell and its glass wall. At 

distinct angles greater than a critical angle, the beam is reflected from the 

surface and transfers energy into the gold film. This energy transfer is maximal at 

a specific reflection angle (θ1), the SPR-angle proportional to the mass 

immobilised on the surface of the flow cell.  A detector records the intensity of the 

reflected beam as a function of the reflection angle and the SPR angle is 

identified as a sharp dip in intensity. As a consequence of analyte binding to 

ligand that is immobilised on the sensorchip surface, the SPR-angle changes 

(θ2). B) A plot of the SPR-angle over time produces a sensorgram displaying 

characteristic association, equilibrium and dissociation phases.  
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For the equilibrium association (KA) and dissociation (KD) constants follows: 

 

 

KA =
[AB]

[A][B]
=

ka

kd

=
1

KD

                 (4-11) 

 

The kinetics of complex formation then follow a pseudo-first-order reaction 

(O'Shannessy and Winzor 1996): 

 

 

d[AB]
dt

= ka[A][B] − kd [AB]
         (4-12)

 

 

In a SPR experiment, parameters [AB], [A] and [B] are replaced by the binding 

response R (in response units RU), the analyte concentration C and the concentration 

of free ligand Rmax - R:  

 

 

dR
dt

= kaC(Rmax − R) − kd R
            (4-13)

 

 

where Rmax is the maximum response possible for the RNA surface.  

 

SPR has been successfully applied to describe protein-RNA interactions in a variety 

of studies. Examples include the characterisation of the interaction of spliceosomal 

U1-A with hairpin II of U1 snRNA (Katsamba et al. 2001) and elucidation of an 

mRNA binding signature motif in T-cell restricted intracellular antigen 1 related 

protein (TIAR) (Kim et al. 2007). In these studies, RNA was immobilised in the flow 

cell for subsequent kinetic measurements, as the detected SPR signals then 
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responded to the large change resulting from protein binding. In addition, 

commercial sensorchips are generally coated with a negatively charged dextran 

matrix that may disturb kinetic measurment of nucleic acid analytes due to repulsion 

effects from the surface. Finally, RNA oligomers can easily be modified to carry 

terminal extensions allowing their immobilisation to the surface chemistry of the 

flow cell.  

 

Protein-RNA interaction experiments using SPR require careful preparation to 

exclude potential pitfalls including steric hindrance, surface effects, non-specific 

binding, mass-transport limitations, and poor sample quality (Katsamba et al. 2002). 

Steric hindrance and surface effects can be limited by spacer sequences between the 

dextran surface and the sequence of interest. Addition of bovine serum albumin 

(BSA) and surfactants (P20) in sample buffers and the use of blank reference cells 

minimise non-specific binding, while mass-transport effects can be reduced by the 

use of high flow rates and low ligand immobilisation levels.  

 

4.2.2 SPR of Lsm polyproteins  

For real-time Lsm-RNA interaction experiments, a U-rich RNA sequence (U10) was 

chosen based on previous electro mobility shift assays (Sobti et al. 2010). The RNA 

oligomer contained a 5’ biotin group to allow immobilisation to a streptavidin coated 

sensor chip surface and a spacer consisting of five guanosine nucleotides connecting 

the U10 sequence to the biotin group. This provides sufficent length for the 

interaction of one Lsm subunit with one nucleotide and to minimise steric hindrance 
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and surface effects. A schematic outline of the SPR setup utilised for this study is 

shown in Figure 4.11. 

 

Prior to immobilisation, RNA was deprotected and diluted (2 nM) in Tris buffer (20 

mM, pH 8.0) containing NaCl (200 mM) and surfactant P20 (0.05 %) and injected 

over the flow cell sufficient to generate a low density (25 RU) surface. Figure 4.10 

demonstrates the successful immobilisation of RNA on a sensor chip.  

 

Three Lsm complexes of different compositions were analysed: i) Lsm[2+3]4, ii) 

Lsm[3]8 and iii) Lsm[4+1]4. Lsm complexes were injected at concentrations of 0.1–

10 µM surrounding a KD of 450 nM obtained in gelshift experiments with tetrameric 

Lsm[2+3] and U10 RNA (Sobti et al. 2010). Signals obtained from blank flow cells 

were subsequently subtracted from signals of RNA surfaces. Since the absolute SPR-

response is proportional to the molecular weight of the analyte, all traces displayed 

here are normalised with respect to analyte molecular weight (Figure 4.12).  

 

Injection of Lsm[2+3]4 over the low density RNA surface results in a very steep 

association curve converging to an equilibrium state at 10 µM concentration. At 

lower protein concentrations, no equilibrium is reached. However, steep association 

phases are detected for 0.5-1 µM concentration. At 0.1 µM concentration, the slope 

of the association phase is significantly reduced. Only slow signal decay is observed 

following the injections of buffer over the flow cells.  
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Figure 4.11| Setup of Lsm-RNA surface plasmon resonance experiments. A) 

Schematic diagram of Lsm-RNA binding experiments.  5’ biotinylated RNA (G5U10) is 

immobilised in a streptavidin coated flow cell. Following RNA immobilisation, purified 

Lsm polyproteins are injected over the sensorchip surface. S (streptavidin), B 

(biotin). B) Realtime detection of RNA immobilisation levels on the chip. 
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The slopes observed for association and dissociation curves suggest a high 

association rate constant along with a very low dissociation constant, consitent with 

the formation of a stable protein-RNA complex.  

  

Lsm[3]8 shows very similar behaviour to Lsm[2+3]4. High protein concentrations (10 

µM) display a rapid formation of an equilibrium response and very steep and short 

association phases. Reduction of the protein concentration results in a less 

pronounced slope of the association phases and the curves do not reach equilibrium. 

Dissociation phases are characterised by very shallow slopes. Analogous to 

Lsm[2+3]4, this indicates the formation of a stable protein-RNA complex.  

 

By contrast, all trialled concentrations of Lsm[4+1]4 produce sensorgrams that 

converge to an equilibrium response within seconds after injection consistent with 

rapid association as well as dissociation rates. These results indicate that all of the 

assayed Lsm complexes readily interact with the U-rich RNA oligonucleotide.  

 

Interestingly, different equilibrium responses (Req) are recorded for the individual 

Lsm complexes at 10 µM concentration. The highest Req values are generated by 

Lsm[2+3]4 followed by Lsm[3]8 and then Lsm[4+1]4. Since SPR-traces are 

normalised with respect to the molecular weight of the individual complexes, these 

signals directly relate to different surface concentrations of the Lsm complexes at 

equilibrium. This can be explained with either different binding stoichiometries 

between the Lsm complexes and RNA or with different overall affinities. Assuming 
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Figure 4.12| SPR traces of Lsm proteins with G5U10. Experiments with Lsm[2+3]4 and Lsm[3]8 are conducted in Tris buffer (20 mM, pH 8.0) 

containing intermediate concentrations (200 mM) of NaCl, BSA (62.5 mg/ml) and surfactant P20 (0.05 %). Lsm[4+1]4 is analysed using 

moderately high concentrations of NaCl (400 mM). SPR signals are normalised with respect to the molecular weight of the Lsm complexes. 

Temperature and flow rate for protein injections are kept constant at 25 °C and 50 µl/min. Injected protein concentrations are indicated by 

coloured lines (   10 µM;  1 µM;  0.5 µM;  0.1 µM ) A) Lsm[2+3]4, B) Lsm[3]8, C) Lsm[4+1]4. Arrows depict injection stops. 
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a simple 1:1 interaction between the Lsm complexes and the RNA oligomer as is 

generally found for the RNA interactions of these complexes (Urlaub et al. 2001; 

Weber et al. 2010; Moll et al. 2011), we find that Lsm[2+3]4 has the highest affinity 

for G5U10 RNA followed by Lsm[3]8 and then Lsm[4+1]4. 

 

In order to quantify the underlying binding kinetics, it is in some cases possible to 

determine affinity rate constants from SPR data by non-linear regression using a 

global analysis (Karlsson 1994). In this analysis, data from several experiments 

sharing common variables (e.g. same analyte in different concentrations) are fitted 

simultanously to obtain one set of parameters (rate constants, surface binding 

capacity) describing the interaction (Katsamba et al. 2002). Experimental curves are 

overlayed with simulated curves resulting from the fitted parameters and the 

goodness-of-fit is estimated by a  χ2-test.  

 

Global fitting of the data was attempted, however, the sensorgrams obtained for Lsm 

complexes did not fit a global 1:1 binding model as indicated by poorly overlayed 

curves and high χ2-values. Thus, reliable association and dissociation rate constants 

could not be determined for the specific Lsm-RNA complexes probed here. Though, 

all sensorgrams obtained for Lsm[4+1]4 with G5U10-RNA produced equilibrium 

responses. If equilibrium responses for several analyte concentrations can be 

detected, steady-state analysis becomes possible (Myszka et al. 1998; Kortt et al. 

1999). At equilibrium, association and dissociation rates are identical, the complex 

concentration and the related SPR-signal (Req) are constant. This can be described 

by: 
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dR
dt

= kaC(Rmax − Req ) − kd Req = 0
           (4-14)

 

 

where ka is the association rate constant, C the analyte concentration, Rmax the 

maximum binding capacity of the RNA surface and kd the dissociation rate 

constant (Karlsson 1994).  

 

On rearrangement, this relationship can be expressed as: 

 

 

Req

C
=

ka

kd

Rmax −
ka

kd

Req
      (4-15)

 

 

Hence, the slope of a plot of Req/C against the equilibrium response Req provides 

ka/kd, i.e. the reciprocal of KD, the equilibrium dissociation constant.  

 

From a linear fit to this plot for Lsm[4+1]4, the relationship Req/C = -1.39 (Req) = 

88.47 is obtained (explained variance R2 = 0.998) and an equilibrium constant of KD 

= 730 nM is determined (Figure 4.13 A). Analysis by non-linear regression results in 

an identical KD (Figure 4.13 B). The determined affinity constant, however, is 

significantly weaker than affinities determined for the interaction of other Lsm 

protein complexes with other RNA species (Table 4.2).  
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Table 4.2| Selected interactions of Lsm proteins with RNA.

Lsm complexa RNA KD Method Reference 

ScLsm[2+3]4b U10 34 nM ITC This thesis 
ScLsm[4+1]4b G5U10 730 nM SPR This thesis 
ScLsm[2+3]4b U10  453 nM Gelshift (Sobti et al. 2010) 
HsLsm1-7 U6 snRNA 

(ncRNA)
150-274 nM Gelshift (Licht et al. 2008) 

ScLsm1-7 MFA2 (mRNA) 200 nM Gelshift (Chowdhury et al. 
2007) 

HvLsmα U30 72 nM Gelshift (Fischer et al. 2011) 
EcHfq DsrA (ncRNA) 21 nM, 94nM c Gelshift (Mikulecky et al. 

2004) 
a Proteins are named by the first letters of the species, followed by the type of protein. 
b [ ]4 indicates tetrameric Lsm complexes. 
 c Two affinity constants were observed due to two sequential binding events. 

Figure 4.13| Steady state analysis of Lsm[4+1]4 binding to G5U10 as monitored by SPR 

in Tris buffer (20 mM, pH 8.0) containing NaCl (400 mM), BSA (62.5 mg/ml) and 

surfactant P20 (0.05 %). A) Scatchard plot for the binding data. The resulting 

relationship is Req/C = -1.39 (Req) + 88.47 with an explained variance (R2) of 0.998. B) 

Non-linear regression of the binding data. The binding curve fits the experimental data 

with a chi2-value of 1.4. 
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4.3 Probing Lsm-RNA interactions by isothermal titration 
calorimetry (ITC) 

4.3.1 Isothermal titration calorimetry theory 

ITC allows measurement of affinities between macromolecules in solution in 

contrast to surface-based SPR measurements. The advantage of ITC is the absence of 

any surface effects on the interaction partners as well as free accessibility of both 

molecules. In ITC, the heat changes associated with binding reactions are detected. 

Usually, this is done by titrating one of the reaction partners into a concentrated 

solution of the other molecule (Falconer and Collins 2011). Each titrant injection i 

releases the heat Qi (Recht et al. 2008; Feig 2009): 

 

 

 

Qi = nF[A]∆HV              (4-16) 

 

with the stoichiometry n, the fraction F of sites on A bound by B, the reaction 

enthalpy ∆H and the cell volume V.  

 

For a simple 1:1 binding interaction following relation (4-1) with a KA according to 

(4-2) this relation can be expressed as: 

 

 

Qi =
n[A]∆HV

2
1+

[B]
n[A]

+
1

nKA [A]
− 1+

[B]
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+
1

nKA[A]
 

 
 

 

 
 

2

−
4[B]
n[A]

 

 

 
 

 
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    (4-17) 
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Fitting of this equation to the experimental data by non-linear regression allows the 

determination of n, KA and ∆H (Wiseman et al. 1989). From these parameters, a full 

thermodynamic profile can be determined in addition to equilibrium constants by 

calculating the free energy change (∆G) from :  

 

 ∆G = -RTlnKa              (4-18) 

 ∆G = ∆H - T∆S             (4-19) 

 

where R is the universal gas constant (1.9858775 cal/mol K), T the temperature 

in K and ∆S the change in entropy.  

 

 

4.3.2 ITC experiments with Lsm polyproteins and RNA 

The experimental setup involved an adiabatic chamber hosting a sample and a 

reference cell with an approximate volume of 1.4 ml inside the calorimeter (Figure 

4.14). Defined amounts of ligand solution are introduced into the sample cell using a 

motorised syringe stirrer. Which of the interacting molecules is used as the titrant or 

the titrate generally does not influence the experiment. However, the titrant 

concentration is typically chosen 10 - 30 times higher than the tirate concentration in 

the sample chamber (Feig 2009). As a consequence, for protein-RNA studies it can 

be advantageous to place RNA in the injection syringe to avoid protein aggregation 

at high sample concentrations. Sample concentration is an important factor to 

consider prior to an ITC experiment. A factor c: 
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 c = n KA [A]              (4-20) 

 

 was described by Wiseman et al. (1989). This factor should lie between 10 and 100 

for the determination of reliable KA values and allows the estimation of a starting 

concentration for the analyte. Steady-state analysis of the interactions of Lsm[4+1]4 

with U10 by SPR yields a KD of 730 nM. From these data, a concentration range 

between [A]1 = 7.3 and [A]2 = 73 µM is calculated from equation (4-21) using c 

values of c1 = 10 and c2 = 100. In previous electro mobility shift assays, an affinity 

constant of KD = 450 nM was obtained for tetrameric Lsm[2+3] and U10 (Sobti et al. 

2010). Similarly, boundary conditions for the analyte concentration [A]1 and [A]2 are 

determined as 4.5 and 45 µM. Based on these estimates Lsm polyproteins were 

adjusted to 10 µM concentration, well within the determined concentration range for 

ITC analysis.  
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Figure 4.14| Schematic view of the ITC setup. A) Figure adapted from Recht et al. 

(2008). Temperatures of a reference cell and a sample cell located in an adiabatic 

chamber are continuously compared. Injection of titrant molecules into the sample cell 

containing a titrate solution results in heat changes q relative to the reference cell. B) 

Heat changes recorded for the injections (10 µl) of RNA (200 µM) into buffer solution 

not containing protein at 25 °C.   
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 Lsm[2+3] and Lsm[4+1] polyprotein complexes of tetra and octameric composition 

and octameric Lsm3 were isolated by SEC and flash frozen prior to ITC analysis. 

The Lsm complexes were placed in the reaction chamber of the ITC instrument, 

while RNA at a concentration of 100-200 µM was filled in the injector. The signal 

from negative controls of RNA titrated in sample buffer without protein (Figure 

4.14) is subtracted from all following binding curves.  

 

Sequential injections of RNA into Lsm polyprotein solutions produce the heat 

changes that are displayed in Figure 4.15. The heat changes observed over the course 

of the RNA titration form a sigmoidal curve for Lsm[2+3]4 proposing complex 

formation between RNA and protein. For Lsm[4+1]4, and Lsm[3]4 and Lsm[2+3]8 

only a scatter of heat changes corresponding to 0 ± 0.7 kcal/mol (± 1.5 for 

Lsm[4+1]) is observed. These likely arise from dilution effects only and not due to 

macromolecular interactions.  

 

Considering the kinetic data obtained from SPR, it is somewhat surprising that no 

significant heat changes are observed for the titration of U10 into tetrameric 

Lsm[4+1]4 and the other complexes tested. A possible explanation is the nature of 

the experiments conducted. During SPR analysis RNA was immobilised and hence 

may behave differently to free RNA in solution in ITC. Furthermore RNA oligomers 

utilised for SPR experiments incorporated a biotin group for immobilisation followed 

by a G5 stretch to minimise steric hindrance. Complexes Lsm[4+1]4 and Lsm[3]8 

may inherit binding determinants for G5 resulting in the observed differences 

between SPR and ITC  
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Figure 4.15| Thermal parameters detected by ITC for Lsm with U10 (25 °C). Displayed are heat changes for addition of 200 µM RNA  

into a reaction chamber (V = 1.4 ml) containing 10 µM solutions of A) Lsm[2+3]4, B) Lsm[2+3]8, C) Lsm[4+1]4, and D) Lsm[3]8.  
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data. This is consistent with a role of individual Lsm proteins in RNA recognition as 

suggested by the crystal structures of the human U1 snRNP (Pomeranz Krummel et 

al 2009, Weber et al 2010). The absence of heat changes observed for the Lsm[2+3]8 

fraction can be explained by an obstruction of the major site for RNA recognition 

(site I, Figure 1.5) due to the stacking interaction of two protein rings. 

 

Consistent with the SPR data, Lsm[2+3]4 is found to have the highest affinity for U10 

in ITC studies. Further, these findings are in good agreement with RNA-binding data 

on these Lsm complexes from gel-shift experiments (Sobti et al. 2010).  

 

In order to quantify the affinity of Lsm[2+3]4 towards U10, a curve is fitted to the 

data using a 1:1 binding model as described in section 4.2.1. This yields an 

equilibrium association constant of KA = 29 * 106 ± 6.2 * 106 M-1 and an equilibrium 

dissociation constant KD of 34 ± 15 nM. The stoichiometry of the reaction is 

determined as 0.84  ± 0.01, which is an acceptable value for a 1:1 binding interaction 

and thus demonstrates that the Lsm ring binds one U10 molecule. The reaction 

enthalpy for complex formation is estimated as ∆H0 = -4591  ± 91.6 cal/mol K. At a 

temperature of 25 °C, the entropic contribution can be estimated from equations (4-

18) and (4-19). From these relations, first ∆G is determined as ∆G0 -10187.3 cal/mol 

and subsequently the entropy change ∆S0 is calculated as: 

  

 

 

∆H 0 − ∆G0

T
=

−4591+10187.3⋅ cal
298.15⋅ mol⋅ K

=18.8
cal

mol⋅ K
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For the entropic contribution to the reaction follows –T∆S = -298 K 18.8 cal/mol K = 

5602.4 cal/mol. This suggests a binding interaction that is driven by approximately 

equal enthalpic and entropic contributions. Binding experiments at a range of 

different temperatures would be required to elucidate the exact thermodynamic 

parameters of this reaction. Table 4.3 summarises kinetic and thermodynamic 

parameters determined for the interaction of Lsm[2+3]4 and U10. 

 

 

Table 4.3| ITC-derived thermodynamic parameters for the 
interaction of tetrameric Lsm[2+3]4 and U10.  

Parameter Value 

KA 30 * 106 ± 6.2 *106 M-1  
KD 34  ± 15 nM 
N 0.84 ± 0.01 
∆H0 -4.6 ± 0.091 kcal/mol 
∆S0 0.02 kcal/mol K 
∆G0 -10.2 kcal/mol 
 

 

4.4 Conclusion 

Tetrameric Lsm polyproteins form cylindrical or ring shaped quaternary structures in 

solution. Molecular envelopes obtained for those assemblies agree well with 

experimental data and dimensions (75 x 50 Å) are consistent with the crystal 

structure of Lsm[3]8 (Naidoo et al. 2008). 

 

Using two different methodologies (SPR and ITC), the RNA binding behaviour of a 

variety of Lsm complexes was characterised and it could be shown that Lsm protein 
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complexes possess different affinities towards U-rich RNA. These studies provide 

the first realtime and thermodynamic data for the interaction of Lsm complexes with 

RNA. 

 

Analysed complexes Lsm[2+3]4, Lsm[4+1]4 and complex Lsm[3]8 form ring 

structures containing eight protomers in solution (Section 4.1.1 and (Naidoo et al. 

2008)). As outlined in Chapter 1.1.6, Lsm toroids contain an RNA binding site (site 

I) in the lumen of the ring formed by highly conserved residues in loops L3 and L5. 

However, depending on their individual composition, Lsm polyprotein complexes 

display differential affinities for U-rich RNA oligonucleotides. These findings are in 

line with earlier studies using electro mobility shift assays (Sobti et al. 2010) and 

suggest the presence of distinct binding determinants of individual Lsm proteins for 

U-rich RNA outside site I.  

 

We suggest target RNA discrimination by individual Lsm proteins requires residues 

beyond the Lsm folded domains, specifically in N-terminal sequence extensions and 

likely in the variable loop regions L4 and C-terminal sequence extensions. Such a 

mechanism of RNA recognition by individual Lsm proteins is consistent with the 

recently solved crystal structure of the U1 snRNP, where these sequence extensions 

in particular N-terminal extensions and loop L4 regions have been observed to 

contain RNA binding residues (Figure 4.15) implicated in guiding RNA in and out of 

the Sm-ring (Weber et al. 2010). N-terminal sequence extensions of SmD2 are 

observed to make contact to U1 snRNA via Arg and Lys residues embedded N-

terminal sequence extension preceding the α-helix (Figure 4.15). Lsm3 is the Lsm 

paralogue of SmD2 (Section 1.1.5), however, it lacks the N-terminal sequence 
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extension that is responsible for SmD2 specific RNA interactions. Yet, in the 

polyprotein Lsm[2+3], the C-terminal extension of Lsm2 is covalently linked to the 

Lsm3 N-terminus. This generates an artificial loop region 

(NMVDTNLLQDATRREVMTERKMET) upstream of the N-terminal  α-helix of 

Lsm3 containing potential RNA binding Arg and Lys residues (Figure 4.16). These 

additional residues may be responsible for the increased affinity of Lsm[2+3] 

towards U-rich RNA.  

 

An RNA-binding function of the Lsm[2+3] linker is consistent with studies 

demonstrating the contribution of sequence extensions to the activity of Lsm 

complexes in vivo. These include: i) P-body assembly of Lsm1-7 (Reijns et al. 2008), 

ii) nuclear localisation of Lsm2-8 (Reijns et al. 2009), and iii) cytoplasmic 

localisation of Lsm1-7 (Reijns et al. 2009). 

 

SAXS data further indicate that Lsm polyproteins form ring structures and RNA-

binding does not result in a conformational change in solution. Given a 1:1 binding 

interaction as generally assumed for Lsm complexes and their RNA targets (Khusial 

et al. 2005; Moll et al. 2011) and indicated by ITC experiments, RNA only 

constitutes approximately 3 % of the scattering mass. Consequently, the data 

primarily reflects conformational changes of the protein upon RNA binding (Gupta 

et al. 2010).  

 

Global structural parameters Rg and Dmax as well as distance distribution functions 

and Kratky plots of free and RNA bound Lsm[2+3]4 are highly similar proposing 

RNA-binding does not induce significant conformational changes. Comparable 
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changes in global structural parameters, p(r) functions and Kratky plots were found 

for the interaction of splicing factor SF1 and the branch point sequence of its target 

mRNA (Gupta et al. 2010). This prompted the authors to exclude any conformational 

changes of SF1 upon RNA binding. For the complex of Lsm[2+3]4, this may indicate 

most of the RNA is bound within the pore and consequently does not significantly 

influence the dimensions of the complex. It is well established that Lsm complexes 

are able to bind 

one nucleotide per Lsm subunit in the lumen of the ring (Toro et al. 2001; Urlaub et 

al. 2001; Weber et al. 2010). 

 

Crystal structures of archaeal Lsm proteins bound to short RNA oligonucleotides 

show only minor changes to the rigid Lsm scaffold on RNA binding (Toro et al. 

2001; Thore et al. 2003). AfSm1 and a complex of AfSm1 with U5 overlay almost 

perfectly with a corresponding RMSD of 0.74 Å, while PaSm1 and a complex of 

PaSm1 and U5 can be superposed with an RMSD of 0.56 Å (Figure 4.16). Our 

SAXS data are consistent with the conservation of the rigid Lsm scaffold upon RNA 

binding und further suggests ring structures formed from Lsm polyproteins bind 

RNA in a native like manner. Hence, it is likely Lsm[2+3]4 binds eight uracil 

residues in the lumen of the ring (site I) and the remaining two nucleotides are 

stabilised by Arg and Lys residues from the linker sequence connecting Lsm2 and 

Lsm3 domains.  
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Figure 4.16| RNA binding by L/Sm proteins. A) RNA contacts made by SmD2 as found in the crystal structure of the human U1 snRNP 

(Weber et al. 2010). Figure adapted from Weber et al. (2010). In addition to conserved RNA binding residues located in loop regions L3 and 

L5, elements in N-terminal sequence extensions, and loop regions L2 and L4 are observed to form RNA contacts. Positively charged 

residues (Lys6, Lys8, Arg 19) in the N-terminal sequence extension implicated in RNA binding are highlighted in red. B) Model of the dimer 

interface of the polyprotein Lsm[2+3] based on the crystal structure of the SmD1D2 dimer (Kambach et al. 1999). The linker sequence 

between the Lsm2 C-terminus and the Lsm3 N-terminus is displayed as dashed line. Conserved RNA binding residues in the protein 

structure and potential RNA binding residues in the linker sequence of Lsm[2+3] are highlighted in red. C) Superposition of the crystal 

structures of AfSm1 (blue) and AfSm1 bound to U5 (red) (Toro et al. 2001). The two structures can be aligned with an RMSD of 0.74. 
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5 Crystallographic studies of Lsm polyproteins 

 

The three-dimensional structure of a protein ultimately defines its biological form 

and function. Thus, to fully understand the biochemical activity of a protein (or a 

protein complex), it is essential to have knowledge of its molecular structure. As 

outlined in Section 1.2, a number of crystal structures have been determined for Lsm 

protein complexes deriving from archaeal, bacterial and eukaryotic sources. 

However, at the time of writing, no high-resolution structure of a heteromeric Lsm 

complex exists. The protein structure group at Macquarie University successfully 

solved the crystal structure for yeast Lsm3 in 2008 (Naidoo et al. 2008). My work 

has shown Lsm polyprotein forms to be useful mimics of the heteromeric complexes 

(Chapters 3 and 4). Therefore, with the aim of providing the first atomic detail for 

the assembly of a heteromeric Lsm protein complex, the polyproteins Lsm[4+1]4 and 

Lsm[2+3]4 were subjected to crystallographic studies.  

 

Crystallisation of a protein requires concentrating a protein above its solubility limit, 

to supersaturation. The most common method to achieve supersaturation is vapour 

diffusion. In this technique, a mixture of protein and a precipitant is allowed to 

equilibrate with a larger reservoir solution containing a higher concentration of the 

precipitant by diffusion of water from the protein solution to the reservoir. 

Concentrating a protein above its solubility limit in this way leads to supersaturation. 

Supersaturation can be divided into three zones (Figure 5.1) (Bergfors 2003): 
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i) metastable zone: In the metastable zone, protein is supersaturated but 

not enough so for spontaneous nucleation to occur. This zone provides 

optimal growth conditions for crystals. 

i) labile zone: The labile zone allows spontaneous nucleation to take 

place and crystals can grow from formed nuclei. 

ii) precipitation zone: In the precipitation zone, the protein is so 

concentrated it will aggregate as amorphous precipitate. 

 

Crystal formation at supersaturated conditions occurs in two phases: a nucleation 

phase and a growth phase. The spontaneous nucleation of protein crystals is thought 

to take place in the labile zone, while optimal conditions for the growth of large 

crystals are found in the metastable zone (Luft and DeTitta 1999; Bergfors 2003). 

 

5.1 Crystallisation screening 

Preparations of the polyproteins Lsm[4+1] and Lsm[2+3] result in two solution states 

that were separated by SEC (Chapter 3). These correspond to tetrameric and 

octameric assemblies consistent with single and possibly stacked Lsm rings observed 

in the crystal structure of yeast Lsm3 (Naidoo et al. 2008). The predominant forms of 

the polyproteins are Lsm[4+1]4 and Lsm[2+3]4 which can be isolated in large 

quantities. Following fractionation, tetrameric polyprotein fractions were 

concentrated to 20-30 mg/ml and flash frozen in liquid nitrogen.  
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Figure 5.1| Two-dimensional theoretical protein phase diagram for a vapour-

diffusion experiment. Adapted from Luft and DeTitta (1999). The phase diagram is 

divided in four zones: undersaturation, metastable zone, labile zone and 

precipitation zone. 1) Equilibration of a protein crystallant mixture against a 

crystallant reservoir reaches metastable zone and no crystals are formed. 2) 

Equilibration of a protein crystallant mixture against a crystallant reservoir reaches 

labile zone. Nuclei are formed and these grow to large crystals. 3) Microseeding. 

Nuclei are introduced into metastable zone and large crystals grow from these. 
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Isolated Lsm[4+1]4 and Lsm[2+3]4 are stable and monodisperse. SAXS data further 

indicate ring morphology for these oligomers. In addition, it has been found that high 

NaCl concentrations and the presence of glycerol stabilise tetrameric complexes of 

the polyproteins (Chapter 3). Most crystallisation screens utilise high salt or polyol 

concentrations to supersaturate the protein. Such conditions likely further stabilise 

Lsm[4+1]4 and Lsm[2+3]4 and make them promising targets for crystallisation 

studies.  

 

Crystallisation screening was performed in vapour diffusion experiments. To reduce 

the amount of protein required for each individual experiment and to permit 

screening of a large number of conditions, a robotic liquid handling system was used 

to aliquot solutions for crystallisation trials. This system allowed the quick setup of 

sitting drop vapour diffusion experiments with as little as 200-300 nl of protein 

solution. This allowed screening of more than 1000 conditions with varying protein 

to precipitant ratios. All obtained crystals were screened for optimal cryogenic 

conditions and diffraction on an in-house diffractometer setup (University of New 

South Wales, Sydney). Diffraction experiments were performed at 100 K. For non-

diffracting crystals a freeze/thaw pricess was incorporated to encourage crystal 

annealing. Figure 5.2 shows a flow diagram of our crystallisation strategy leading to 

the formation of five diffracting crystals of Lsm[4+1]4. These crystals will be 

referred to as crystals 1-5 in the following section.  
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Figure 5.2| Flow diagram of crystallisation process for Lsm polyproteins. 
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Initial screening was performed using five sparse-matrix suites providing 384 

conditions (QIAGEN) to cover a maximal portion of chemical space. These screens 

are a compilation of precipitant combinations that previously enabled the successful 

crystallisation of a variety of proteins (Newman et al. 2005). For samples of 

Lsm[4+1]4, crystalline material was obtained across a variety of precipitant 

conditions. These varied from sandy precipitate, spherulites to microcrystals and 

small crystals. Specific crystallants identified from five sparse-matrix screens 

producing Lsm[4+1]4 crystals include: 

A) magnesium chloride (0.2 M), HEPES buffer (0.1 M, pH 7.5), PEG 400 

(30 % v/v),  

B) magnesium chloride (0.2 M), Tris buffer (0.1 M, pH 7.0), PEG 8000  

(10 % v/v), 

C) magnesium formate (0.3 M), Bis-Tris buffer (0.1 M, pH 5.5), and 

D) PEG 400 (2 % v/v), HEPES buffer (0.1 M, pH 7.5),  

ammonium sulfate (2 M). 

Microcrystals and crystals obtained from conditions A-D are displayed in Figure 5.3.  

 

As microcrystals and crystals from conditions A-D were too small and did not 

diffract beyond 20 Å resolution upon mounting on the University of New South 

Wales in-house system. The absence of intense reflections at high resolutions typical 

for the small lattices of salt crystals served to exclude the formation of salt crystals. 

Further optimisation experiments including additive screens with RNA, in situ 

proteolysis, systematic screens and grid screens were undertaken.    
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Similar to Lsm[4+1]4, the polyprotein Lsm[2+3]4 was subjected to crystal screening. 

However, no crystalline material was obtained in sparse-matrix screens for 

Lsm[2+3]4 in a concentration range of 8-30 mg/ml. Consequently, more extensive 

screening strategies including co-crystallisation with U10, in situ proteolysis and 

systematic screens of crystallants were carried out. 

5.2 More extensive crystallisation strategies 

5.2.1 Co-crystallisation with RNA 

With the knowledge that Lsm polyproteins have high to moderate affinity for U10 

and can form stable complexes with the oligonucleotide (Chapter 4), all sparse-

matrix screens were repeated in the presence of U10. In all cases, a variety of protein 

RNA ratios (1:2, 1:1, 2:1) was trialled. However, no diffraction quality crystals were 

obtained. 

 

5.2.2 In situ proteolysis 

In situ proteolysis has gained increasing attention as a rescue strategy for proteins 

that are recalcitrant to crystallisation (Dong et al. 2007; Wernimont and Edwards 

2009). The rationale behind this approach is the generation of trimmed and stable 

protein domains through proteolytic cleavage of N- and C-terminal sequence 

extensions (and occasionally, loop regions) of the target proteins. For a large number 

(339) of proteins of both eukaryotic and prokaryotic origin that failed to produce 

diffraction quality crystals, the Structural Genomics Consortium demonstrated that 
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Figure 5.3| Lsm[4+1] Microcrystals and crystals from a variety of sparse-matrix screens. A) magnesium chloride_(0.2_M), 

HEPES buffer (0.1 M, pH 7.5), PEG 400 (30 % v/v), B) magnesium chloride (0.2 M), Tris buffer (0.1 M, pH 7.0), PEG 8000 (10 % 

v/v) C) Magnesium formate (0.3 M), Bis-Tris buffer (0.1 M, pH 5.5), D) PEG 400_(2 % v/v), HEPES (0.1 M, pH 7.5), ammonium 

sulfate (2 M). Crystals illustrated obtained from additional PEG and ammonium sulfate systematic optimisation E) Magnesium 

acetate (0.2 M), and PEG 3350 (20 % v/v) F) Trisodium_citrate_(0.1_M), ammonium_sulfate_(0.5_M), lithium sulfate (1 M). No 

diffraction pattern was obtained with characteristics of inorganic salts for any of those crystals. 
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the addition of trace amounts of protease leads to the formation of crystals that 

allowed data collection for 16 % of the targets (Dong et al. 2007; Wernimont and 

Edwards 2009). 

 

In the two polyproteins utilised in this work, the N- and C-terminal sequence 

extensions beyond the folded domains of the component Lsm domains have already 

been removed. However, the flexible linker regions connecting the fused Lsm 

domains may have sufficient flexibility (Chapter 3) to interfere with the 

crystallisation process.  

 

For the Lsm[4+1] construct, the linker sequence (DNIIDEADLYLDQYNFT) 

contains Tyr and Phe residues at positions 10 and 16, respectively. These residues 

are both favourable to chymotrypsin cleavage. In order to determine an appropriate 

amount of chymotrypsin for cleavage, Lsm [4+1]4 preparations were subjected to 

varying protease concentrations for 24 h (20 °C). Examination of protein sizes 

observed in SDS-PAGE (Figure 5.4) identified that samples (20 mg/ml) treated with 

20-200 ng/ml chymotrypsin contained two major protein species corresponding to 

masses of 10-15 kDa. These are consistent with individual Lsm4 (12 kDa) and Lsm1 

(11 kDa) proteins being released through cleavage. Subsequently, in situ proteolysis 

was performed at a 1:10000 protein:chymotrypsin ratio. Crystals were successfully 

grown in the presence of the protease in base condition D PEG 400 (2 % v/v), 

HEPES buffer (0.1 M, pH 7.5), ammonium sulfate (2 M) (Figure 5.4). However, no 

diffraction was observed from these crystals, despite extensive optimisation attempts, 

including crystal annealing and screening of multiple cryogenic agents (polyols, oils 

and salts). 
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The linker sequence of Lsm[2+3] contains Arg residues at positions 13, 14 and 20 

and Lys residues at position 21 likely allowing trypsin cleavage of the linker 

sequence. Hence, in situ proteolysis of Lsm[2+3]4 with trypsin was carried out at 

protein:protease ratios of 1:100 - 1:10000. Like sparse-matrix screens, these trials did 

not yield crystalline material.  

 

5.2.3 Systematic screens 

The majority of crystal yielding conditions identified for Lsm[4+1]4 in sparse-matrix 

screens contained magnesium ions and PEG. Thus, systematic screens with suites 

containing combinations of cations and polyethylenglycols were carried out. Small 

crystals were observed in a solution containing magnesium acetate (0.2 M) and PEG 

3350 (20 % v/v) (condition E in Figure 5.3). Due to the small size of these crystals, 

they required further optimisation in grid screens. 

 

Additionally, an ammonium sulfate based crystallant solution has been found to 

produce Lsm[4+1]4 crystals in sparse matrix screen (Figure 5.3). Hence, ammonium 

sulfate based precipitants were systematically screened. This approach resulted in 

small non-diffracting crystals from trisodium citrate (0.1 M), ammonium sulfate (0.5 

M) and lithium sulfate (1 M) (condition F in Figure 5.3), which were subjected to 

further optimisation in grid screens. 

 

Similarly, Lsm[2+3]4 was subjected to systematic screening of crystallants. 

However, despite probing over 1000 conditions including PEG-, salt- and pH-based 

screens, no crystals could be grown for this construct.   
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Figure 5.4| In situ proteolysis trials]. A) SDS-PAGE of Lsm[4+1]4 samples that were exposed (24 h) to different protease 

concentrations. B) Lsm[4+1]4 microcrystals formed in the presence of chymotrypsin in PEG 400 (2 % v/v), HEPES buffer (0.1 M, pH 

7.5), ammonium sulfate (2 M), chymotrypsin (2 µg/ml). 
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A large difference between constructs Lsm[4+1] and Lsm[2+3] is within the linker 

sequences connecting the folded Lsm units, corresponding to 

DNIIDEADLYLDQYNFT and NMVDTNLLQDATRREVMTERKMET residues 

for Lsm[4+1] and Lsm[2+3], respectively. The increased linker length in the 

Lsm[2+3] construct may confer more flexibility and thus interfere with the 

crystallisation process. 

 

5.2.4 Grid screens 

Once promising crystallisation conditions are identified, these are generally refined 

in grid screens, typically as evenly stepped gradients of the key precipitant or the pH 

(Hennessy et al. 2009). Grid screens were set up manually with drop sizes of 1-4 µl 

over 0.5 ml reservoirs. Crystallant gradients were generated using the four corner 

method (Hennessy et al. 2009) from serial dilution of four stock solutions containing 

minimum and maximum concentrations of the components being varied in the 

screen. In this way, base conditions A-F identified in sparse-matrix and systematic 

screens were optimised and diffracting crystals (1-5) were obtained for some 

crystallant combinations.  

 

Optimisation of many variables including chemical (e.g. precipitant concentration, 

pH, and cryoprotection) and kinetic (e.g. reservoir composition, temperature and 

drop ratios) parameters based on conditions A, C, E and F did not yield diffraction 

from these crystal forms. However, iteration of D and B resulted in crystals that 

diffracted to resolutions of 5 Å and 4.3 Å, respectively.  
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Base condition D was optimised in grid screens by fine tuning of co-solvent (1-8 % 

PEG 400 v/v), pH (7-8) and precipitant (1.5-3 M ammonium sulfate) and eventually 

reproducibly formed hexagonal crystals (Figure 5.5). These crystals showed plate 

morphology (0.2 x 0.2 mm) and displayed diffraction to a maximal resolution of 5 Å 

on the in-house setup in PEG 400 (5 % v/v), HEPES buffer (0.1 M, pH 7.4) and 

ammonium sulfate (2 M). Given this relatively low resolution of diffraction, many 

strategies were employed in an attempt to improve crystal quality from these 

samples. Further optimisation of cryogenic conditions, the protein concentration (10-

30 mg/ml) or the precipitant-to-protein drop ratio (1:2, 1:1, 2:1) failed to improve 

these hexagonal plates.  

 

Base condition B was optimised by stepwise variation of PEG 8000 (7-12 % v/v), 

magnesium chloride (0-0.5 M) and the pH (6.8-7.4) and resulted in half-moon-

shaped crystal plates (Figure 5.6). These were grown in magnesium chloride (0.2 M), 

Tris buffer (0.1 M, pH 7.0) and PEG 8000 (8 % v/v). By screening numerous 

cryoprotective agents for these crystals, optimal cyogenic protection and diffraction 

was achieved through sequential transfer of the crystals into reservoir solution 

containing increasing PEG 400 concentrations (5 % increments) (Figure 5.7). A final 

concentration of 20 % (v/v) PEG 400 was sufficient to prevent ice ring formation and 

to allow an improved diffraction to 4.3 Å. I tested over 40 crystals obtained from this 

condition and flashfroze the 20 best diffracting ones for data collection at the 

Australian Synchrotron. Two of these crystals were suitable for data collection and 

will be referred to as crystals 1 and 2 in Section 5.3. 
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Figure 5.5| Optimisation of crystallant conditions 

using grid screens A) Optimisation based on the 

condition ammonium sulfate (2 M), HEPES buffer (0.1 

M, pH 7.5) and PEG 400 (2 % v/v). B) Hexagonal 

crystals obtained in refined condition PEG 400 (5 % 

v/v), HEPES buffer (0.1 M, pH 7.4), PEG 8000 (8 % 

v/v). Conditions leading to crystals are indicated by X, 

best diffracting crystals are indicated by X. 
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Figure 5.6| Optimisation of crystallant conditions 

for the base condition magnesium chloride (0.2 

M), Tris buffer (0.1 M, pH 7.0), PEG 8000 (10 % 

v/v) (A). Half-moon-shaped crystals grown in 

magnesium chloride (0.2 M), Tris buffer (0.1 M, 

pH 7.0), PEG 8000 (8 % v/v). Conditions leading 

to crystals are indicated by X, best diffracting 

crystals are indicated by X. 
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Figure 5.7| Optimisation of cryogenic conditions for Lsm[4+1]4 crystals grown in magnesium chloride (0.2 M), Tris buffer 

(0.1 M, pH 7.0) and PEG 8000 (10 % v/v). Sequential transfer (5 % increments) of crystals into reservoir solution 

containing increasing PEG 400 concentrations provided cryoprotection. 
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Despite screening a large number of Lsm[4+1]4 samples, no crystals were obtained 

displaying diffraction beyond 4 Å. As a consequence, I attempted to improve crystal 

quality by screening additives (Cudney et al. 1994) and microseeding (Bergfors 

2003).  

 

5.2.5 Searches of additives to assist crystal quality  

Grid screens surrounding base conditions A-F were set up in the presence of a 

variety of additives to improve my crystals of Lsm[4+1]4. The types of additives 

used and their concentrations are summarised in Table 5.1. All of these screens were 

performed with and without U10 (0.5:1, 1:1, 1:0.5 ratio). Additives were mixed with 

reservoir solution to the final concentrations given in Table 5.1. The resulting 

reservoir solution was subsequently mixed 1:1 with 1-2 µl of Lsm[4+1]4 in Tris 

buffer (20 mM, pH 8.0), NaCl (400 mM) and glycerol (10 % v/v).  

 

Of the six crystal-yielding conditions identified for the polyprotein in previous 

screens, four contained magnesium salts. Thus, multivalent cations were 

incorporated into additive screens. Magnesium chloride addition did not improve the 

quality of Lsm [4+1]4 crystals.  

 

 

 

 

 



Crystallographic studies of Lsm polyproteins                                     142 
 
 

 

Table 5.1| Additives screened for Lsm[4+1]4 

 

 

 

However, the addition of cobaltous chloride (2.5-20 mM) to lithium sulfate based 

condition F improved the size of the crystals (0.1 x 0.1 mm) previously obtained in 

this base condition (Figure 5.8). Diffraction to 5 Å resolution was observed in-house 

for these crystals following soaking in high concentrations of lithium sulfate (2 M) 

for cryoprotection. The eleven best diffracting crystals from this condition were flash 

frozen and stored in liquid nitrogen for synchrotron diffraction screening. 

 

Additive Classification Drop concentration 

barium chloride multivalent cation 5-10 mM 
cadmium chloride multivalent cation 5-10 mM 
calcium chloride multivalent cation 5-10 mM 
cobaltous (III) chloride multivalent cation 5-10 mM 
magnesium chloride multivalent cation 5-10 mM 
manganese (III) chloride multivalent cation 5-10 mM 
strontium chloride multivalent cation 5-10 mM 
yttrium (III) chloride multivalent cation 5-10 mM 
zinc chloride multivalent cation 5-10 mM 
iron (III) chloride multivalent cation 5-10 mM 
chromium chloride multivalent cation 5-10 mM 
praesodium chloride multivalent cation 5-10 mM 
6-aminohexanoic acid linker 1.5-3% (v/v) 
1, 5 diaminopentane  
dihydrochloride 

linker 1.5-3% (v/v) 

1, 6 diaminohexane linker 1.5-3% (v/v) 
1, 8 diaminooctane linker 1.5-3% (v/v) 
glycine linker 50-100 mM 
glycyl-glycyl-glycine linker 15-30 mM 
taurine linker 5-10 mM 
betaine hydrochloride linker 5-10 mM 
sodium malonate salt 50-100 mM 
TCEP hydrochloride reducing agent  5-20 mM 
DTT reducing agent 5-20 mM 
EDTA chelating agent 5-10 mM 
ethylene glycole polyol 1.5-3% (v/v) 
glycerol polyol 1.5-3% (v/v) 
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The Lsm polyprotein preparations themselves may contain trace concentrations of 

divalent cations either from growth media or as a result from nickel leaching during 

IMAC purification. Hence, effects of metal ion removal were examined in additive 

screens including EDTA (5-10 mM). For these experiments, EDTA was added to 

preparations of Lsm[4+1]4 prior to grid screens with conditions A-F. The affinity of 

EDTA towards Ni2+ is significantly higher than for Mg2+ (Smith et al. 1985) 

contained in crystallant solutions. Thus, EDTA would preferentially chelate 

remaining Ni2+ over Mg2+. Furthermore, at the utilised concentrations (5-10 mM), 

EDTA would not significantly reduce the Mg2+ concentration (0.2 M) in the 

crystallisation solutions. However, no crystals were grown in the absence of divalent 

cations.  

 

Certain small molecules have the capacity to crosslink protein molecules via either 

electrostatic or hydrophobic interactions and have been shown to maintain or create a 

crystal lattice (McPherson and Cudney 2006). The power of these small molecule 

linkers has been demonstrated by the crystallisation of 85 % of a panel of proteins 

and viruses from only two crystallisation conditions (PEG 3350 and TacsimateTM) by 

incorporating different linkers (McPherson and Cudney 2006). Similarly, mixures of 

the salts of neutralised organic acids (e.g. TacsimateTM, Hampton Research) have 

been repeatedly noted as highly successful crystallisation reagents due to their high 

ionic strength and their capacity to act as electrostatic linkers between protein 

molecules (McPherson 2001; McPherson and Cudney 2006).  

 

Preparations of Lsm[4+1]4 were subjected to small molecule linkers in additive 

screens. The types of linkers and their concentrations are summarised in Table 5.1. 
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No changes in crystal morphology or diffraction were observed in these screens. 

However, Lsm[4+1]4 co-yielded larger and thicker crystals (0.4 x 0.8 mm, Figure 

5.8) with U10 (1:1 ratio) in the presence of the small molecule linker taurine (10 mM) 

compared to crystals produced in the base condition lacking RNA and linkers 

(magnesium chloride (0.2 M), Tris buffer (0.1 M, pH 7.0), PEG 8000 (8 % v/v)). 

These crystals, however, did only diffract to 5 Å resolution.  

 

My solution studies of the Lsm polyprotein complexes demonstrated their selective 

stabilisation as a tetrameric state by high ionic strength and glycerol (10 % v/v). This 

indicated that polyols such as glycerol and ethylene glycole might be utilised as 

additives within crystallisation screens. However, no effects on the crystallisation of 

Lsm[4+1]4 were observed in the presence of ethylene glycol and additional glycerol. 

 

5.2.6 Microseeding 

Microseeding uncouples the two crystal formation phases of nucleation (labile zone) 

and crystal growth (metastable zone) to promote larger and more ordered crystals. 

This is achieved by manually introducing nuclei into a metastable protein solution 

(Figure 5.1). For Lsm[4+1]4, the seeding procedure was performed according to the 

method of Bergfors (2003). Crystals obtained from magnesium chloride (0.2 M), Tris 

buffer (0.1 M, pH 7.4) and PEG 8000 (8 % v/v) were transferred to a stabilising 

solution containing reservoir solution with a 10-20 % (v/v) increased precipitant 

(PEG 8000) concentration and 5-10 mg/ml protein. The suspended crystals were 

crushed by vortexing and transferred to clear crystallisation drops, which had  
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Figure 5.8| Crystals for Lsm[4+1]4 obtained from additive screens, in situ proteolysis and microseeding. A) Additive screens with 

added cobaltous chloride (0.1 M) in trisodium citrate (0.1 M), ammonium sulfate (0.5 M), lithium_sulfate_(1 M), cobaltous chloride (0.1 

M). B) Additive screen with added U10 to magnesium chloride (0.2 M), Tris buffer (0.1 M, pH 7.0), PEG 8000 (8 % v/v), U10 RNA 

(equimolar). C) Crystals 3-5 obtained from microseeding in TacsimateTM (44 % v/v), Tris buffer (0.1 M, pH 7.0). 
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equilibrated over 2-7 days. Gradual refinement of the crystallant conditions (44 % 

TacsimateTM
 (v/v), 0.1 M Tris pH 7-8) and the cryogenic conditions (20 % glycerol 

v/v) resulted in crystal formation 

 

Crystals grown in TacsimateTM (44 % v/v) and Tris buffer (0.1 M, pH 7.0) are shown 

in Figure 5.8. These diffracted to 3.5 Å in-house. As a consequence, a variety (21 

crystals) of Lsm[4+1]4 crystals were flash frozen and stored in liquid nitrogen for 

subsequent synchrotron data collection. This set of crystals included crystals 3-5 

from which complete native datasets could be collected as discussed later in this 

chapter.  

 

5.2.7 Heavy atom derivatives of Lsm[4+1]4 

5.2.7.1 SeMet-Lsm[4+1]4 

Since the Lsm[4+1] polyprotein sequence contains a total of eight Met residues, the 

substitution of these with SeMet should provide a strong anomalous signal for any 

subsequent diffraction experiment of a prepared crystal. Hence, a SeMet derivative 

of Lsm[4+1]4 was prepared. Replacement of Met with SeMet was achieved through 

protein expression in a defined growth medium supplemented with SeMet and 

inhibitory amino acids to suppress Met synthesis in the expression strain.  

 

Preparations of SeMet-Lsm[4+1]4 showed an increased propensity to aggregate in 

crystallisation screens compared to its native counterpart. Despite screening with 

over 1000 conditions in sparse matrix format, no crystalline material was obtained. 

Precipitation of the protein during screening was found to be alleviated in high 
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concentrations of reducing agents DTT (10 mM) or TCEP (> 2 mM). Systematic grid 

screens either based on leads successful for native Lsm[4+1]4, or on conditions that 

generated promising forms of precipitate in sparse-matrix screens were not 

successful. 

 

The use of in situ proteolysis with chymotrypsin (20 ng/ml) in Bicine buffer (0.1 M, 

pH 8.5), PEG 6000 (20 % v/v) successfully allowed microcrystals to form. These are 

shown in Figure 5.8 but were too small for diffraction to be attempted. Attempts to 

increase their size by refining crystallant conditions in grid screens were 

unsuccessful.  

Microseeding was, to a certain extent, successful in generating crystal forms of Se-

Met[4+1]4. The half-moon-shaped protein crystals obtained in TacsimateTM (52 % 

v/v) at pH 6.5 are shown in Figure 5.9. Seed stocks were generated from native 

Lsm[4+1]4 preparations, and nuclei were subsequently cross-seeded into 

crystallisation trays containing droplets of SeMet-Lsm[4+1]4.  

 

 Optimisation of cryogenic conditions for crystals established that 20 % (v/v) 

glycerol was most suitable. However, despite screening more than 20 crystals, 

diffraction could only be detected to 7-8 Å on the in-house diffractometer. To obtain 

the best possible diffraction from these crystals, the six best diffracting crystals were 

flash frozen and stored in liquid nitrogen for further synchrotron diffraction 

screening. 
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Figure 5.9| Crystals obtained for SeMet and iodide derivatives of Lsm[4+1]4. A) Se-Met microcrystals obtained from in situ proteolysis in 

Bicine buffer (0.1 M, pH 8.5), PEG 6000 (20 % v/v), chymotrypsin (20 ng/ml), B) Crystals obtained from cross-seeding with native 

Lsm[4+1]4 seeds in TacsimateTM (52 % v/v),Tris buffer (0.1 M, pH 6.5). C) Crystals from I3C derivatised Lsm[4+1]4 grown in Magnesium 

chloride (0.2 M), Tris buffer (0.1 M, pH 6.5), PEG 8000 (12 % v/v). 
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5.2.7.2 Iodide derivatives of Lsm[4+1]4 

As an alternative source of heavy atom derivatives, Lsm[4+1]4 solutions were 

screened in the presence of the compound 5-amino-2,4,6-triiodoisophtalic acid (I3C, 

Hampton Research). The chemical structure essentially causes an iodide triangle to 

be formed within any resulting co-crystalline material, suitable for eventual single 

wavelength anomalous dispersion (SAD) or single isomorphous replacement plus 

anomalous scattering (SIRAS) phasing. For Lsm[4+1]4, co-crystallisation with I3C 

yielded small half-moon-shaped crystals (Figure 5.9) similar to those previously 

observed for native protein in a PEG 8000-based condition. Addition of PEG 400 at 

17.5 % (v/v) to these iodide-derived crystals was sufficient to achieve cryoprotection 

as indicated by the absence of ice rings in diffraction screening. Using these 

optimised conditions, diffraction was observed from I3C-Lsm[4+1]4 crystals, but 

diffraction quality corresponded to 5 Å resolution. Five of these crystals were stored 

in liquid nitrogen for synchrotron diffraction screening. 

 

5.3 Crystallographic studies  

5.3.1 Diffraction from Lsm[4+1]4 crystals 

Common features of all the crystals obtained for Lsm[4+1]4 are their small size and 

low diffraction resolution and weak reflection intensities. Thus, successful 

diffraction data collection required the use of a high intensity beam, as provided by a 

synchrotron source. The micro crystallography (MX2) beamline at the Australian 
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Synchrotron provides a finely focused beam (30 x 26  µm) of the necessary 

brightness and intensity.  

 

A total of 52 promising native crystals, six SeMet crystals and five I3C crystals were 

screened for diffraction on the MX2 beamline at the Australian Synchrotron. These 

included: 

i) 20 crystals grown in magnesium chloride (0.2 M), Tris buffer (0.1 M, pH 

7.0-7.4), PEG 8000 (8-10 % v/v),  

ii) 11 crystals from trisodium citrate (0.1 M), ammonium sulfate (0.5 M), 

lithium sulfate (1 M) and cobaltous chloride (10 mM) and  

iii) 21 crystals formed in TacsimateTM (40-60 % v/v) and Tris buffer (0.1 M, 

pH 7.0-8.0)  

iv) 6 SeMet crystals grown in TacsimateTM (52 % v/v) and Tris buffer (0.1 M, 

pH 6.5) 

v) 5 crystals from magnesium chloride (0.2 M), Tris buffer (0.1 M, pH 6.5), 

PEG 8000 (12 % v/v) 

 

Systematic test exposures along the length of these 52 Lsm[4+1]4 crystals were 

performed to isolate areas with best diffraction properties. From these, images at Φ 

angles of 0° and 90° were collected as shown in Figure 5.10. Processing of these 

images of Lsm[4+1]4 (in MOSFLM) identified crystals belonging to either space 

group H3 or the symmetry-related H32 group (Table 5.2). Thus, data were collected 

over 60° and 180° wedges to create complete datasets for either symmetry group H3 
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A B 

Figure 5.10| Test exposures of Lsm[4+1]4 crystal 3 (Table 5.3) grown in TacsimateTM (44 % v/v), Tris buffer (0.1 M, pH 7.0) taken at A) 

Φ = 0° and B) Φ = 90°. Crystal 3 diffracted to ~3 Å resolution. Data were collected on the MX2 beamline at the Australian Synchrotron. 
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or H32. Table 5.3 summarises experimental parameters and strategies utilised for the 

datasets collected for five separate Lsm[4+1]4 crystals. These crystals derived form 

two crystallisation conditions, one utilising sets of crystals 1 and 2 (0.2 M MgCl2, 0.1 

M Tris buffer pH 7.0, 8 % v/v PEG 8000) and the other crystals 3-5 (44% v/v 

TacsimateTM, 0.1 M Tris buffer pH 7.0). 

 

A total of six SeMet-Lsm[4+1]4 crystals and five I3C crystals could be mounted and 

screened for diffraction. Resolutions of 7 Å and 5 Å were obtained for SeMet-

Lsm[4+1]4 and I3C-Lsm[4+1]4, respectively. To accurately measure anomalous 

signals, especially for weakly diffracting crystals, high data redundancy is required 

(Dauter and Adamiak 2001; Debreczeni et al. 2003; Wagner et al. 2006). However, 

radiation damage evident from quickly declining resolution during data collection 

prevented collection of a complete and highly redundant dataset. 

 

 

Table 5.2| Unit cell dimensions and space group estimatesa 

No. Scoreb a (Å) b (Å) c (Å)  α (°) β (°) γ (°) Space 
group 

6 93 161.6 105.8 97.1 89.9 118.4 89.9 C2 
5 90 96.5 96.6 106.2 90.0 123.0 113.6 P1 
4c 6 105.8 106.2 224.6 90.2 90.0 119.8 H3, 

H32 
  96.5 96.5 97.1 66.5 66.6 66.6 R3, 

R32 
3 4 161.8 106.4 96.5 90.0 118.5 90.3 C2 
2 1 161.6 105.8 97.1 90.1 118.4 90.1 C2 
1 0 96.5 96.6 97.1 66.6 66.5 66.4 P1 

a Program used was MOSFLM 
b Penalty function score: the lower score (< 20) the better  
c Solution selected for data collection and processing 
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5.3.2 Processing of acquired diffraction data 

The five collected datasets obtained on native Lsm[4+1]4 crystals were indexed and 

integrated in space group H3 and H32. These initial space groups were estimated 

based on the lattice geometry (Table 5.2). Spacegroups were subsequently confirmed 

following further analysis of unmerged integrated intensities (using the POINTLESS 

routine (Evans 2006)). This approach takes the symmetry of the diffraction pattern 

into account and thus provides a more reliable space group estimate. The most likely 

solutions are indicated by a scoring function and a total probability for the solution is 

determined. For the five Lsm[4+1]4 datasets space group H32 was suggested in this 

way as a unique solution with a probability of 99.6-99.8 %.  

 

Following data integration and space group confirmation, intensities were scaled, 

merged and assessed for quality. Plots of intensity scales, relative B-factors and 

Rmerge over the image number are shown for datasets from crystals 2 and 3 in Figure 

5.11.  

 

Scale- and relative B-factors are correction factors used to describe changes in the 

intensities of symmetry related reflections and radiation damage, respectively (Evans 

2006). In an optimal case, these parameters should be uniform and especially relative 

B-factors below -10 should be treated with suspicion (Evans 2006). Rmerge is a 

measure of the discrepancies between the intensities of symmetry related reflections 

(Evans 2006). Consequently, plots of scales, relative B-factors and Rmerge over the 

image number can be used to identify radiation damage and bad parts of a dataset. 
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Table 5.3| Lsm[4+1]4 Data collection parameters 

Crystal growth conditions Crystal Detector 
distance 
(mm) 

Beamstop 
(mm) 

Exposure 
time        
(s) 

Beam 
attenuation 
(%) 

∆Φ 
(°) 

Φ-range 
(°) 

Magnesium chloride (0.2 M), 
Tris buffer (0.1 M,  pH 7.0),  
PEG 8000 (8 % v/v) 
 

1 450 50 2 50 1 0-180_ 
2 450 50 2 20 1 0-180_ 

TacsimateTM (44 % v/v), 
Tris buffer (0.1 M,  pH 7.0) 
 

3 450 50 5 80 1     0-180_ 
4 450 50 5 80 1 136-316_ 

136-316a 
5 420 50 5 80 1   90-150_  

150-210a  
210-270a 
 

a Beam was moved to a different location on the same crystal for additional data collection. 
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Figure 5.11| Diffraction data quality assessment. Two datasets are compared regarding their mean scales (blue), the relative B-factor 

(purple) and the Rmerge (red) over the image number. Datasets shown were collected from A) crystal 2 (Table 5.3) and B) crystal 3 on the 

MX2 beamline at the Australian Synchrotron.  
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Data from crystals 1 and 2 showed strong variation in diffraction indices (intensity 

scales, relative B-factors, Rmerge) resulting in incomplete datasets. This can likely be 

attributed to the half-moon-shaped crystal morphology or poor centering of the 

crystal in the beam. Thus, these datasets were not utilised for analysis, as more stable 

diffraction was observed for crystals 3-5 of my Lsm[4+1]4 material. 

 

The best dataset suitable for structure determination was obtained from Lsm[4+1]4 

crystal 3 and yielded a resolution of 2.8 Å. Figure 5.11 shows an evaluation of this 

dataset. Uniform scales, a moderate decrease of the relative B-factors (> -8) and 

uniform Rmerge (< 15 %) values were observed indicating a good quality dataset with 

minimal radiation damage. Crystals 4 and 5 produced similar diffraction quality 

datasets.  

 

In order to proceed with structure determination utilising this diffraction data, it was 

necessary to determine the most appropriate resolution cut-off. By established 

convention (Evans 2006) only data for which the average variance weighted 

intensities (I/ σ(I)) are ≥ 2.0 should be considered. For the dataset of Lsm[4+1]4 

crystal 3, the resolution cut-off was determined in this way as 3.0 Å. Full 

crystallographic data collection statistics for this native dataset of Lsm[4+1]4 are 

summarised in Table 5.4. At this resolution, Wilson plots showed a dip at 5 Å 

resolution and a linear portion between 4.5 Å - 3 Å. This is characteristic for protein 

crystals. 
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5.3.3 Molecular replacement procedures  

At the outset, due to failure to obtain crystals of any derivatised material in the time 

available, molecular replacement remained an appropriate route to structure 

determination of Lsm[4+1]4. 

 

The Lsm protein fold is highly conserved (see Chapter 1) and there are a variety of 

crystal structures now available for several archaeal, bacterial and eukaryotic forms 

(Chapter 1). These include a structure for an octameric organisation of yLsm3 

determined recently by the protein structure group at Macquarie University (Naidoo 

et al. 2008). In addition, quaternary assemblies of Lsm proteins as penta-, hexa-, 

hepta- and octamers can be observed in other crystal structures. My light scattering 

and SEC data had very clearly established that the solution form of the polyprotein 

Lsm[4+1]4 used as crystal source was tetrameric consisting of eight individual Lsm 

Table 5.4| Selected crystallographic statistics for Lsm[4+1]4  

Data collection Crystal 3 

Space group H32 
Resolution 3.00 Å 
Outer shell  3.16-3.00 Å 
Unique reflections (outer shell) 10134 (1463) 
Completeness (outer shell) 99.9 (100) % 
<I/sigma (I)> 16.7 (3.5) 
Multiplicity 10.7 (11.0) 
Rmergea (outer shell) 0.09 (0.778) 

a

 

| Ihl − Ih | / Ih
l

∑
h

∑
l

∑
h

∑  
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domains. Consequently, the coordinates of octameric Lsm3 (PDB 3BW1) appeared 

to be very appropriate as an input model for molecular replacement. The Lsm3 

sequence displays 34 % sequence identity to Lsm1. 

 

Additionally, separate search models for Lsm4 were generated from coordinates of 

P. aerophilum Sm3 (30 % sequence identity; PDB 1M5Q), A. fulgidus Sm2 (30 % 

sequence identity; PDB 1LJO), H. sapiens SmB (29 % sequence identity; PDB 

1D3B), C. parvum Lsm5 (28 % sequence identity; PDB 3PGG) and S. cerevisiae 

Lsm3 (26 % sequence identity; PDB 3BW1). For Lsm1 models, coordinates from P. 

aerophilum Sm1 (39 % sequence identity, PDB 1I8F), H. sapiens SmB (33 % 

sequence identity, PDB 1D3B) and M. thermoautotrophicum Lsmα (34 % sequence 

identity, PDB 1I81) were used as input models in addition to Lsm3 (Table 5.5). 

Within each search model, side chains that did not align with the target sequence 

(Lsm1 or Lsm4) were deleted or mutated. Figure 5.12 shows examples of monomeric 

and dimeric search models derived from the crystal structure of the HsSmD3B 

dimer.  

 

To develop a search strategy for molecular replacement using these models, the 

number of polyprotein molecules in the asymmetric unit (ASU) was estimated. When 

the unit cell volume of a crystal and its solvent content are known, the number of 

protein molecules in the ASU can be determined assuming a partial specific volume 

of 0.74 cm3/g for proteins (Matthews 1968). For a typical protein crystal, the solvent 

content is found between 23 and 78 % (Matthews 1968) and can be determined from 

the Matthews coefficient, a measure of the crystal volume per unit of protein 

molecular weight. Modern solvent analysis tools use a probability calculator to rate  
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possible solvent contents and the corresponding number of molecules in the 

asymmetric unit (Kantardjieff and Rupp 2003). 

 

For Lsm[4+1]4 crystal 3, solvent content analysis was carried out using the molecular 

weight of a single polyprotein unit (23 kDa) to calculate the Matthews coefficient. 

This yields four possible solutions with Matthews coefficients between 1.3 and 5.3 

Å3/Da corresponding to 1-4 polyprotein molecules in the ASU (Table 5.6). Out of 

these results, the most likely solution with a probability of 94 % is obtained for a 

Matthews coefficient of 2.7 Å3/Da corresponding to a solvent content of 54 % and 2 

molecules in the ASU. Consequently, molecular replacement searches for 1, 2, 3 and 

4 Lsm[4+1] molecules in the ASU were conducted. This further translates to a search 

for 1, 2, 4, 6 and 8 molecules in the case of monomeric search models. 

 

 

Table 5.5| Search models for molecular replacement of Lsm[4+1]4 

Lsm4 Lsm1 Lsm[4+1] 

PaeSm3  
(30 %; PDB 1M5Q) 

PaeSm1  
(39 %; PDB 1I8F) 

HsSmD3B dimer  
(31 %; PDB 1D3B) 

AfSm2 
(30 %; PDB 1LJO) 

MtLsma  
(34 %; PDB 1I81) 

ScLsm3  
(30 %; PDB 3BW1) 

HsSmB  
(29 %; PDB 1D3B) 

ScLsm3  
(34 %; PDB 3BW1) 

 

CpLsm5  
(28 %; PDB 3PGG) 

HsSmD3  
(33 %; PDB 1D3B) 

 

ScLsm3  
(26 %; PDB 3BW1) 

  

a 1, 2, 4,6 and 8 copies of the monomeric models placed in the asymmetric unit 
b 1, 2, 3 and 4 copies of the dimeric models placed in the asymmetric unit 
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The limited resolution of the diffraction data (3 Å) and the close structural homology 

between the Lsm4 and the Lsm1 domains in the polyprotein made molecular 

replacement searches a challenging task. Numerous attempts to place i) 1-4 dimeric 

and ii) 1-8 monomeric models into the ASU did initially not yield a convincing 

solution.  

 

However, using a novel, currently undocumented, algorithm for search model editing 

based on a pairwise sequence alignment, that is embedded in the PHENIX 

SCULPTOR tool (Bunkoczi 2011), Dr. Airlie McCoy (University of Cambridge) 

generated a dimeric model for Lsm[4+1] (Figure 5.12) derived from the coordinates 

of human SmD3B (PDB 1D3B) yielding a single molecular replacement solution. 

The search model lacks the N-terminal α-helix and variable loop region L4 and 

residues that did not align with Lsm4 and Lsm1, respectively, were mutated or 

deleted. Using this model, Dr. McCoy successfully placed two dimers in the ASU. 

This molecular replacement solution was characterised by a log likelihood gain 

(LLG) of 266, a rotation function Z-score (RFZ) of 4.5 and a translation function Z-

score (TFZ) of 11.9 indicating an excellent solution. Figure 5.13 displays the C-α 

trace of the suggested molecular replacement solution. Electron density maps of the  

 

Table 5.6| Solvent content of Lsm[4+1]4 crystal 3 in space group H32 
 

Subunits / 
asymmetric unit 

Matthews 
coefficient 

Solvent        
content (%) 

Probability 

1 5.33 76.92 0.01 
2 2.66 53.84 0.94 
3 1.78 30.76 0.04 
4 1.33   7.68 0.00 
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Figure 5.12| Lsm[4+1]4 models based on the SmD3B dimer. A) pairwise 

alignment of ScLsm4 and ScLsm1 sequences against HsSmD3 and HsSmB 

used for model design. B) Lsm4 model based on the coordinates of HsSmD3 

(PDB 1D3B). C) Lsm1 model generated from HsSmB (PDB 1D3B). D) 

Lsm[4+1] model designed using coordinates from the HsD3B structure (PDB 

1D3B.) 
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 β-sheet regions of Lsm4 and Lsm1 from the suggested solution are shown in Figure 

5.14. 

 

Dr. McCoy was able to refine the suggested molecular replacement solution for 

crystal 3 to obtain an R-factor of 40 %. Rigid body movement was observed against 

a second dataset (from crystal 4) and it did not refine. 

 

The coordinate file from molecular replacement shows two different types of 

interfaces between the Lsm4 and Lsm1 subunits. One interface is formed by pairing 

of strand  β4 of  

 

Lsm4 with strand  β5 of Lsm1. This type of interaction is commonly observed 

between individual Lsm proteins in complex form (Collins et al. 2001; Beggs 2005; 

Naidoo et al. 2008). However, in addition the  β5 strand of the same Lsm4 subunit 

pairs with the  β2 strand of a second Lsm1 chain. Such an interface has not been 

described in the literature before and it remains unclear if this can be attributed to the 

covalent connection of the Lsm4 C-terminus to the Lsm1 N-terminus via an 

unstructured linker sequence or to incorrect packing of two dimer units in the 

molecular replacement solution.  

 

A cuboid, consisiting of four symmetry related dimers, can be generated through 

application of the crystallographic 2-fold rotation axes in spacegroup H 32 (Figure 

5.13). To validate the obtained solution, the coordinate file was used to calculate a 
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Figure 5.13| C-α trace of suggested molecular replacement solution using the PDB 

coordinates 1D3B (human Sm D3B) as search model in space group H32. Lsm4 

subunits are displayed in red, Lsm1 subunits are showed in blue. A) Stereoview of 

two dimers placed in the ASU. B) Search for symmetry related molecules within ± 

one unit cell and 8 Å reveals octameric organisation. 

A 

B 
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Figure 5.14| Electron density maps from suggested molecular replacement solution. 

A) Stereoview of the β-sheet region of Lsm4, B) stereoview of the β-sheet region of 

Lsm1. Electron density is represented as blue mesh contoured at 1.5 σ.  

A 

B 
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theoretical X-ray scattering curve. The resulting curve was compared to solution X-

ray scattering from Lsm[4+1]4. Both curves could only be aligned with a χ2 value of 

2.8 suggesting a poor fit. Visual inspection of the alignment confirms poor 

agreement (Figure 5.15).  

 

Considering the low resolution and the distant model used for molecular 

replacement, the atypical interactions observed between the Lsm subunits together 

with the formation of a cuboid rather than a ring structure and the poor fit to solution 

scattering from Lsm[4+1]4 indicate that the obtained solution may be a false positive. 

Further refinement and possibly anomalous diffraction data will be necessary to 

validate the molecular replacement solution and to solve the crystal structure of 

Lsm[4+1]4.  

 

 

Figure 5.15| Solution X-ray scattering from Lsm[4+1]4. Scattering intensities from 

LSm[4+1]4 (blue) are overlayed with a theoretical scattering curve derived from the 

coordinate file of a suggested molecular replacement solution for Lsm[4+1]4 

diffraction data. 



Conclusion                                                                                                                                            167 
 
 

 

6 Conclusion 

 

Members of the Lsm superfamily are RNA chaperones and therefore indispensable 

for RNA processing events in all domains of life. Various members of this protein 

family are involved in mRNA-splicing, mRNA degradation, maturation of diverse 

ncRNAs and a variety of disease states. Recent progress in the field also highlights 

functions of these proteins in the pathogenicity of multidrug resistant S. aureus 

strains and viral replication. Despite their importance in cellular RNA regulation, 

disease states and host-pathogen interactions, little is known about the mechanism of 

RNA-binding and target discrimination by heteromeric eukaryotic Lsm protein 

complexes.  

 

Therefore, a model system is needed to probe binding determinants of Lsm 

complexes for protein and RNA partners. Such a model system using polyproteins 

has been established in the Protein Structure group at Macquarie University (Sobti et 

al. 2010). Lsm polyproteins feature individual Lsm proteins covalently connected by 

unstructured natural sequence extensions, and allow for the simultaneous expression 

of two Lsm proteins as heteromeric complexes.  

 

Polyprotein methods have previously been successfully employed for the expression 

and structure determination of macromolecular complexes. Examples include the trp 

RNA-binding attenuation protein (TRAP) complex structure in which up to four 

monomers were covalently linked with three alanine residues (Heddle et al. 2006). In 

another example, the seven subunits of the chaperone complex GroEL were 

covalently linked by Ala- and Glyrich linkers and successfully expressed (Farr et al. 
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2000). These published examples utilise simplified peptide segments to ensure full 

flexibility of linkers. Our Lsm complex differs in this respect by employing linker 

segments comprising the natural highly charged N- and C-terminal sequence 

extensions thought to be unstructured in nature. 

 

The aims of this project were to characterise the oligomeric state of Lsm 

polyproteins and ultimately identify conditions to produce discrete stable complexes. 

To validate whether polyprotein complexes are suitable to mimic heteromeric 

complexes of eukaryotic Lsm proteins in vivo, ring formation in solution needed to 

be confirmed. The interaction properties of polyproteins with RNA had to be 

investigated to examine specific binding determinants within mixed Lsm complexes. 

Finally, it was also of interest if these Lsm polyproteins served as suitable candidates 

for protein crystallisation. 

 

6.1 Solution behaviour of Lsm polyproteins 
 

Lsm polyproteins were characterised in solution by SEC, demonstrating the 

formation of multiple oligomeric forms. Oligomerisation was found to be solvent 

dependent, and large quantities of highly pure and stable tetrameric groupings of 

Lsm[4+1] and Lsm[2+3] were subsequently isolated. I demonstrated that the 

presence of glycerol, high ionic strength and high pH values favour these discrete 

tetrameric assemblies of Lsm polyproteins. Larger oligomers (> 200 kDa) are formed 

in low salt conditions in the absence of glycerol, indicating electrostatically-mediated 

multimerisation of Lsm can occur, possibly via (i) helix-to-helix face stacking, (ii) 

helix-to-loop face stacking or iii) loop-to-loop face stacking of rings.  
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i) Helix-to-helix face stacking of two Lsm protein rings has been observed in 

the previously solved crystal structure of Lsm[3]8 (Naidoo et al. 2008). 

Packing interactions include a salt bridge (Glu2 and Lys9), and contacts 

between the imidazole rings of His5 and His6 of the N-terminal His6-tag. 

 

ii) Helix-to-loop face stacking of Lsm rings via electrostatic contributions of 

acidic residues in loops L4 (EDGE) and exposed charged and polar residues 

in the unstructured N-terminus (R) and the N-terminal α-helix (NRD) has 

been observed for archaeal Lsm protein complexes (Mura et al. 2003). M. 

thermoautotrophicum Lsmα (MtLsmα) was found to produce nanofibril 

structures, incorporating head-to-tail stacking of heptameric rings in low 

ionic strength buffers.  

 

iii) Loop-to-loop face stacking has also been observed within the 

structure of yeast SmF (Collins et al. 2003).  The intermolecular 

stacking interactions utilised loop L4 residues. 

 

Two of these interaction types, i) and iii) are “symmetrical” in nature; i.e. they 

engage the same binding interfaces to engage two rings. This type of interaction does 

is self limiting and therefore not provide for regular polyimeric formation. However, 

the “asymmetrical” interaction (ii) of helix-to-loop face utilises two distinct binding 

interfaces. If repeated many times, such stacking could give rise to a large polymer. 

The oligomeric molecule generated by this type of interaction would in theory only 

be limited by the pool of available protein rings and mechanical strain. Furthermore, 

should a polymer engage more than just on type of interaction  it is possible to obtain 
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large multimers through repeated combinations. Figure 6.1 provides a schematic for 

some proposed Lsm[4+1]4 oligomeric stacking events explaining detected solution 

masses.  

 

An important outcome of affinity pull-down experiments conducted by Meghna 

Sobti demonstrated that Lsm polyproteins are able to recruit specific Lsm partner 

proteins directly from yeast lysate (Sobti et al. 2010). This indicates that Lsm 

complexes are more dynamic than previously thought in vivo, possibly able to swap 

components in and out of their (different) oligomeric structures. My results confirm 

this feature, demonstrating that Lsm complexes are relatively pliable in oligomeric 

state, taking up distinct forms under varied solvent conditions. Relatively high 

concentrations of RNA localised within the cell (or nucleus) may thus likely provide 

the suitable ionic conditions which promote the simple and most stable ring 

groupings of Lsm proteins needed for their direct interaction prior to processing. 

 

6.2 Evidence for ring structures in solution 
 

Solution-based structural analysis using SAXS demonstrated Lsm polyproteins 

Lsm[4+1]4 and Lsm[2+3]4 form quaternary assemblies that are cylindrical in shape. 

In the case of Lsm[4+1]4, the determined molecular envelope even displays a central 

pore, confirming  a ring morphology. Dimensions of the solution models obtained for 

Lsm[4+1]4 and Lsm[2+3]4 are consistent with the crystal structure of Lsm[3]8. This 

shows that simplified heteromeric Lsm ring structures with the potential to mimic in 

vivo Lsm complexes have been successfully formed by these polyproteins.   
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400 mM NaCl, 
10% glycerol 400 mM NaCl 50 mM NaCl

Figure 6.1| Schematic diagram of multimer formation of Lsm polyproteins in various solvent conditions. Numbers given refer to the number of 

Lsm[4+1] polyprotein molecules detected in solution. A) Possible face-to-face or tail-to-tail stacking of Lsm rings. Inset shows face-to-face 

stacking observed in the crystal structure of ScLsm[3]8 (PDB 3BW1) and tail-to-tail stacking in the crystal structure of ScSmF (PDB 1N9S). B) 

Possible head-to-tail stacking of Lsm rings. Inset displays head-to-tail stacking seen in the crystal structure of MtLsmα (PDB 1JRI ). 
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Lsm[2+3]8 was found to be significantly more elongated than both Lsm[2+3]4 and 

Lsm[4+1]4, and determination of its molecular envelope in solution yielded a long 

cylinder. The dimensions of the calculated model, however, does not agree with the 

simple geometry of two stacked Lsm[3]8 complexes. Hence, other stacked forms of 

the Lsm rings need to be considered to fully explain the solution species of Lsm. 

 

6.3 RNA binding by Lsm polyproteins 

 

Eukaryotic Lsm proteins are known to interact with a plethora of different RNA 

species. Consensus RNA sequences recognised by these complexes include U-rich 

sequences at the 3’ end of oligoadenylated mRNA (Chowdhury et al. 2007) and 

ncRNA (Beggs 2005). Despite their common recognition of U-rich stretches on the 

RNA target sequence, the composition of the hetero-heptameric Lsm complexes 

determines their RNA target. An example of this target discrimination is the tight 

interaction (KD = 150-274 nM) of the Lsm2-8 complex with U6 snRNA, while the 

Lsm1-7 complex does not interact with U6 snRNA (Beggs 2005; Licht et al. 2008).  

 

RNA binding by Lsm complexes occurs at three sites (i-iii) on the toroid (Moll et al. 

2011). Site i includes highly conserved residues located in loop regions L3 and L5 

presented in the lumen of the Lsm ring (Figure 1.5 A). Site ii is formed by N-

terminal sequence extensions and elements of the α-helices on the proximal face 

(Figure 1.5 B). Site iii comprises loop regions L2 and L4 (Figure 1.5 C).  
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While slightly increased particle dimensions were observed upon U10 binding with 

Lsm[2+3]4, my analysis of SAXS parameters indicates no structural rearrangements 

occur in the protein complex upon RNA binding. This is consistent with a highly 

stable protein scaffold provided by the Lsm ring system, little altered by its substrate 

(Toro et al. 2001; Thore et al. 2003; Weber et al. 2010).   

 

Interactions of Lsm polyprotein complexes with U-rich RNA probed by SPR and 

ITC revealed differential RNA binding affinities of Lsm polyprotein complexes 

towards U10. Lsm[2+3]4 displayed the highest affinity (KD = 34 nM), similar to 

affinities determined for homoheptameric complexes of archaeal HvLsmα (72 nM) 

(Fischer et al. 2011) and homohexameric bacterial EcHfq (21 nM, 94 nM) 

(Mikulecky et al. 2004) complexes towards short RNA oligomers (Table 4.2).  

 

Despite the fact that residues responsible for RNA binding in the lumen of the ring 

are highly conserved, reduced affinities were observed for Lsm[4+1]4 and Lsm[3]8. 

The relatively elevated affinity of Lsm[2+3]4 is thus highly likely to originate in the 

composition of the linker sequence itself.  For this polyprotein, the linker sequence is 

rich in positively charged Arg and Lys residues, and may form an RNA interaction 

surface reminiscent of site ii (Figure 4.15).  

 

This RNA-binding behaviour of Lsm[2+3]4 strongly indicates the major importance 

of the unstructured and highly varied sequence segments of individual Lsm proteins 

for target discrimination. These Lsm sequence extensions have also been shown to 

be determinants for P-body assembly (Reijns et al. 2008), nuclear localisation 

(Reijns et al. 2009) and RNA binding by heteromeric Lsm complexes (Weber et al. 
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2010). Further interaction studies utilising Lsm polyproteins will thus need to 

incorporate additional chemistry from the natural elongated sequences if they are to 

better mimic specific RNA (and possibly protein) interactions. 

 

 

6.4 Crystallisation of Lsm polyproteins 
 

The process of protein structure determination by crystallisation encounters three 

major bottlenecks. First, large amounts of highly pure and stable protein are required; 

second, conditions for the formation of diffraction-quality crystals must be found;  

third, the crystallographic phase problem needs to be solved using either molecular 

replacement or experimental methods. The emergence of recombinant DNA 

technology has generally greatly simplified the production and purification of 

sufficient amounts of protein for subsequent crystallisation. Yet, the assembly of 

multicomponent protein complexes - such as Lsm protein complexes - remains a 

challenging task throughout structural biology.  

 

I have demonstrated here that high quality preparations of Lsm polyproteins yielding 

large amounts of protein (> 15 mg/L culture) can now be readily achieved using 

optimised conditions (Section 3.1). Further, I have demonstrated that the resulting 

protein samples form discrete monodisperse, stable and globular multimers of 

tetrameric composition in solution. Having overcome the first rate-limiting step in 

protein structure determination, the polyproteins Lsm[4+1] and Lsm[2+3] provide 

excellent starting material for crystallisation experiments.  
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Lsm polyprotein preparations were repeatedly subjected to a barrage of 

contemporary crystallisation procedures in my study. The ensuing lack of crystals for 

Lsm[2+3]4 is likely due to the flexibility of the linker sequence connecting Lsm 

domains in this construct. Of differing chemistry, many different crystal forms have 

successfully been obtained for Lsm[4+1]4. Two crystallisation conditions produced 

crystals that diffracted to a resolution of ~3 Å, indicating the polyprotein to be an 

appropriate candidate for crystallographic studies. To our knowledge, these are the 

first diffracting crystals ever to be grown for a heteromeric eukaryotic Lsm complex. 

 

Co-crystallisation of Lsm[4+1]4 with RNA (U10), did not yield crystals that 

diffracted beyond ~5 Å. My RNA-binding experiments (Chapter 4) indicated only a 

weak affinity of Lsm[4+1]4 for this particular RNA oligonucleotide. Hence, a 

dynamic equilibrium between the polyprotein and the RNA may be preventing 

quality crystal growth. 

 

Five native datasets were collected and analysed for Lsm[4+1]4. Three of these were 

of sufficient quality for structure determination by molecular replacement. 

Accordingly, molecular replacement searches using a variety of models were 

conducted. A single solution containing two Lsm[4+1] molecules in the ASU was 

obtained. However, non-native  β-strand interactions were observed at the interfaces 

formed between Lsm4 and Lsm1 subunits, suggesting the solution to be incorrect. In 

addition, generation of symmetry-related molecules indicated unusual packing of 

four Lsm[4+1] molecules into a cuboid rather than a ring quaternary structure.  
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A theoretical X-ray scattering curve calculated from this cuboid molecular 

replacement solution demonstrated a poor fit to the observed Lsm[4+1]4 solution 

scattering. Thus, the unusual subunit packing, as well as the poor fit to solution X-

ray scattering data indicate the existing molecular replacement solution to be 

incorrect. Further refinement and possibly diffracting crystals of polyproteins 

derivatised with heavy atoms will likely be required for full structure determination 

of Lsm[4+1]4. However, it can currently not be excluded that the obtained solution is 

correct and Lsm[4+1]4 packs as a cuboid in this crystal form.  

 

6.5 Future perspectives and outlook 
 

My solution and interaction studies demonstrated that Lm polyproteins form stable 

ring complexes in solution suitable for biochemical and structural studies. 

Differential affinities of Lsm polyprotein towards U-rich oligonucleotides were 

detected by SPR and ITC and highly charged unstructured sequence extensions were 

suggested to be involved in RNA interactions and possibly electrostatic stacking of 

Lsm polyproteins. Diffracting crystals of the polyprotein complex Lsm[4+1]4 were 

grown and several native datasets were collected to ~3 Å resolution.  

 

Using the existing polyprotein constructs, the contribution of individual Lsm proteins 

to the interactions of heteromeric Lsm complexes in vivo can be probed. It would be 

of interest to reveal and display specific epitopes responsible for the functions of 

individual Lsm proteins. Generation of chimeric constructs using site-directed 

mutagenesis to exchange specific sequence elements of Lsm proteins may allow 

specific mapping of epitopes for RNA and protein partners.  
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The linker region of Lsm[2+3] was suggested to act as an RNA binding site similar 

to site ii observed in native Lsm complexes. The generation of chimeric constructs 

could be used to validate this effect. Transplantation of the Lsm[2+3] linker 

sequence to the Lsm[4+1] construct should result in a significant increase in affinity 

towards U10. Further interaction studies with Lsm polyproteins containing N- and C-

terminal sequence extensions could reveal the contribution of these elements to the 

functions of individual Lsm proteins.  

 

In addition, improvements of sample preparations may allow better diffracting 

crystals and enable the determination of the first high-resolution structure of a mixed 

Lsm complex. One avenue to further optimise the Lsm polyprotein samples would be 

re-engineering of the linker sequences. Due to the characteristic Lsm-fold, linkers 

connecting C- and N-termini of Lsm proteins are presumed to be located on the 

surface of the proximal face (Figure 4.16). Since Lsm ring stacking seems to be 

driven by electrostatic forces, replacing the highly charged natural linkers with Gly 

and Ala content may provide enhanced stablity.  

 

Furthermore,, the use of different linker lengths (currently optimised to minimise 

strained domain interactions (Sobti et al. 2010) may reduce the flexibility of 

polyproteins and hence improve diffraction properties of Lsm crystals.  

 

An alternative strategy would be the integration of cleavage sites within the linker 

sequences.  These could take the form of self-cleavage elements, or recognition sites 

for highly specific proteases (e.g. TEV). This would allow stoechiometric co-
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expression of Lsm proteins followed by linker removal to reduce possible strain and 

inherent flexibility.  

 

In this study, I provided insights into the factors driving the oligomerisation 

behaviour of Lsm proteins and their RNA interaction properties. Unstructured N- and 

C-terminal sequence extensions of individual Lsm proteins were suggested to confer 

specific functions to individual Lsm proteins, emphasising the importance of specific 

Lsm proteins for the functions of eukaryotic assemblies. Hence, the results obtained 

from simplified Lsm complexes in this study aid our understanding of Lsm complex 

assembly in vivo. 
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