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ABSTRACT 

Transcriptional activator proteins bind DNA and promote gene transcription. 

These proteins often contain a helix-turn-helix (HTH) motif to enable 

sequence-specific DNA binding within the DNA major groove. Bacterial 

communication systems called quorum sensing (QS) have evolved to regulate 

specific gene expression based on population density. The most well 

characterised QS system is the LuxR/I family found in Gram-negative bacterial 

species. LuxR proteins of these QS systems contain a HTH motif that can only 

bind and activate transcription in the presence of specific membrane-diffusible 

signaling molecules. 

Mezorhizobium loti R7A is Gram-negative bacterium that forms a symbiosis 

with plant roots and converts atmospheric nitrogen into ammonium. Genes 

required for this nitrogen-fixing symbiosis are located on a 502 kilobase (kb) 

mobile integrative and conjugative element (ICE) called ICEMlSymR7A. 

Chromosomal excision and conjugative transfer of ICEMlSymR7A is regulated 

by transcriptional response protein (TraR) and transcriptional inducer protein 

(TraI1) which comprise a LuxR/I QS system. TraR activity is tightly regulated 

by a quorum sensing master protein (QseM), which inhibits the function of 

TraR and is thus termed an antiactivator. Uniquely, QseM also inhibits the 

function of a second transcriptional activator FseA, which shares no primary 

sequence similarity with TraR. QseM also exhibits no sequence similarity to 

previously characterised antiactivator proteins.  

QseM and FseA both contain a domain of unknown function (DUF) 2285. 

DUF2285-domain proteins are present across 330 proteobacterial species, 

however, at the time work in this thesis was completed, no structure had been 

solved for any DUF2285 protein. FseA is a 266 amino-acid protein that 

encodes a DUF2285 domain within its C-terminus, while the DUF2285 domain 

spans the length of the entire 84 amino-acid QseM protein. The aim of this 

thesis was to determine the molecular structure of QseM to provide insight into 

the DUF2285 domain and help expose how QseM achieves antiactivation of 

both TraR and FseA. QseM was heterologously expressed, purified and used 

in X-ray crystallography experiments. We collected 44 datasets for QseM 
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crystals and achieved X-ray diffraction data with < 3 Å resolution. 2 complete 

datasets were collected for native crystals and 42 were collected using 

seleniomethionine-incorporated QseM crystals to determine phase using 

single/multi-wavelength anomalous dispersion (SAD/MAD) methods. Despite 

obtaining datasets required for phase determination by both SAD and MAD, 

phase was not successfully resolved and a crystallographic solution for QseM 

was not solved. 

Nuclear magnetic resonance (NMR) was used as an alternative approach to 

obtain three-dimensional structure information for QseM. Unlabeled and 

13C/15N isotope labeled QseM protein was used to collect NMR data in various 

one, two or three dimensional (1D, 2D, 3D) experiments. Backbone 

assignment was completed to 88% and full atom assignment was completed 

to 77% of all proton, carbon and nitrogen atoms in the protein. The majority of 

unassigned atoms resided in the extreme C and N terminal sections of the 

protein. Other unassignable atoms included those located on the far ends of 

long sidechains. Inability to complete atom assignment came from poor 

resonance signal for those atoms. This reduced signal likely came from high 

mobility or conformation positions of those atoms relative to the majority of the 

protein backbone.  

Structural predictions based on distance restraints showed QseM formed three 

alpha helices (H1, H2, H3) that together formed a stable globular protein. 

Comparisons with known protein structures revealed the fold between H2 and 

H3 resembled that of the HTH motif, but with a distinct extended loop between 

H2 and H3. Structural predictions based on amino-acid coevolution and 

homology models based on a recently solved RovC (distantly related 

DUF2285 domain protein) crystal structure were consistent with the 

determined NMR structure and small angle X-ray scattering data. 

Unfortunately, attempts to use QseM NMR ensemble or ab intio predicted 

structure for molecular replacement to solve the crystal structure of QseM was 

unsuccessful. 

Mutational analyses of QseM and FseA carried out by colleagues (Calum 

Morris, Will Jowsey, Ronson Lab, University of Otago) in parallel with this work, 
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revealed that mutations in the HTH region of QseM had little effect on its ability 

to bind or inhibit FseA or TraR. In contrast, mutations in H1 and the C-terminus 

of H3, which together form a surface on the opposite side of the QseM 

structure, revealed residues in this region critical for binding both TraR and 

FseA. It is likely that the C-terminal region on FseA (homologous to QseM) 

interacts with the N-terminus of another FseA chain to create homodimers. The 

homologous region on FseA likely forms extensive interactions with N-

terminus of FseA. Mutations in the HTH region of FseA reduced or abolished 

its ability to bind DNA. We hypothesize that dimeric DUF2285 proteins such 

as FseA are a divergent family of DNA-binding HTH proteins but monomeric 

DUF2285-domain proteins such as QseM, have lost the ability to bind DNA 

and instead antagonize the activity of transcriptional activators through 

heterodimer interactions requiring the H1/H3 surface. 

Future experiments would be focused on successfully solving the crystal 

structure of QseM followed by co-crystallisation of QseM with TraR or FseA. A 

co-crystallised structure would explicitly show the binding mechanism between 

QseM and TraR or FseA.   
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1.1: Transcriptional regulators 

Genes encoded by DNA are transcribed into RNA, often to be further 

translated into proteins (1). Gene transcription is carefully regulated as 

organisms need to tune the expression of specific genes and proteins in order 

to respond to changes in their environment (2). In bacteria, transcription is 

carried out by multi-subunit RNA polymerase that is recruited to the gene to 

be transcribed via a secondary protein called the sigma factor (3). Sigma 

factors are DNA-binding proteins that recognise conserved DNA sequences 

upstream of genes and together with RNA polymerase (RNAP), initiate 

transcription (4). Additional DNA-binding proteins are often required for the 

formation of an active RNAP complex. These transcription factors (TF) can 

bind specific DNA sequences often positioned adjacent to sigma-factor 

binding sites. TFs often require additional ligands or phosphorylation for 

activation and  consequently TFs can enable transcriptional regulation of 

target gene in response to some stimulating molecule or event (5). 

Protein structure determination using X-ray crystallography and nuclear 

magnetic resonance (NMR) spectroscopy has revealed that most prokaryotic 

TFs contain either a helix-turn-helix (HTH) (Figure 1.1) or a winged helix 

(wHTH) motif (6). These motifs are necessary for DNA binding and function by 

forming a series of bonds to exposed nucleotide bases in the major groove of 

DNA (7). Both HTH and wHTH motifs require at least two alpha helices.  One 

helix recognises specific DNA sequences and is termed the recognition helix 

(8), while a second helix helps to stabilise the interaction but does not 

contribute significantly to DNA recognition. HTHs can be further classified by 

total number of helices present (9, 10). Tri-helical are the simplest, consisting 

of three alpha helices with the third being the recognition helix. Tri-helical HTH 

are found across the domains of Archaea, Bacteria and Eukarya. Tetra-helical 

HTH motif proteins have an additional C-terminal alpha helix. Similar to tri-

helical HTH, the third helix recognises and binds the DNA target sequence. 

There are several families of TFs classified as tetra-helical HTH proteins, 

however, some of these are only found in Prokaryotes, including the LuxR-

family present in N-acyl-homoserine lactone quorum-sensing systems (11). 

Winged HTH TFs contain a β-strand hairpin that extends from the C-terminal 
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tri-helical HTH core. Variations to these Winged HTH exist, typically with 

additional C-terminal β-strands or helices. Both HTH and wHTH TFs typically 

form dimers that target short DNA repeat sequences (12-14). Both chains in 

the dimer usually target identical short DNA sequences. Disruption to 

dimerisation of these TFs often results in inactivation of the TF (15-17). 

 

 

Figure 1.1: Lambda repressor bound to DNA target. Chains A (blue) and B 

(green) of the lambda repressor dimer are shown with the recognition helix (R) 

of each chain positioned into the major groove of the DNA target sequence. 

Structure determined by X-ray crystallography. RCSB PDB: 3BDN (18). 

 

1.2: Bacterial Quorum Sensing  

Quorum sensing (QS) is a type of cell-cell communication employed by many 

bacteria to coordinate expression of phenotypes across a population (19, 20). 

QS was discovered through investigation of the bioluminescent marine 

bacterium Vibrio fischeri (21, 22). V. fischeri bioluminescence only occurs in 

stationary-phase cultures, however, bioluminescence can be induced in log-

phase cultures of V. fischeri if they are grown in the presence of pre-
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conditioned medium containing extracellular material from a previously 

bioluminescent active culture (23). A membrane-diffusible chemical signalling 

molecule, termed an autoinducer, is excreted into the environment by V. 

fischeri (21). This signal molecule, called an N-acyl homoserine lactone (HSL) 

(24), is produced constitutively at a low level by uninduced cells and gradually 

increases in concentration with cell density (21). The LuxR transcriptional 

regulator (25, 26) responds to the accumulation of N-(3-oxo-hexanoyl)-L-

homoserine lactone (referred to as 3-oxo-C6-HSL herein), forming an active 

homodimer that recognises the 20-base pair inverted-repeat DNA target 

sequence (27, 28), commonly referred to as the lux-box (29). Binding of 

activated LuxR-3-oxo-C6-HSL to the lux-box results in transcription of 

LuxICDABEG operon (30), inducing 3-oxo-C6-HSL synthesis and 

bioluminescence (Figure 1.2). The positive feedback loop created by LuxR 

activating transcription of the 3-oxo-C6-HSL synthase gene luxI ensures QS 

and bioluminescence are stimulated throughout the cell population.  

 

      

Figure 1.2: The Vibrio fischeri QS system. Transitioning from ‘off’ state in 

low cell density to high cell density results in accumulation of HSL signal 

molecule (produced by LuxI), formation of LuxR-homodimer and activation of 

bioluminescence. 
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Since characterisation of QS in Vibrio species, including V. harveyi and V. 

cholerae, many QS systems have been identified in various species that 

regulate a range of phenotypes (19, 31). These include biofilm formation, 

virulence factors, pigmentation, motility and horizontal gene transfer (20, 32-

35). Proteins involved are often homologous with V. fischeri LuxR and LuxI but 

can synthesise and respond to a wide range of distinct N-acyl homoserine 

signal molecules (Table 1.1). The majority of QS systems within Gram 

negative species utilise LuxR homologues that respond to HSL signal 

molecules (31, 33, 36, 37). Gram positive species differ, with signal molecules 

often being peptides that function in two-component QS systems involving 

transmembrane histidine kinases (38, 39). Gram positive QS systems have 

been reviewed in detail in other publications (32, 34).  

 

1.3: N-acyl-homoserine lactone (HSL) synthesis  

Signal molecule synthases can be dividing into three types, with LuxI 

homologues the most common (40) and are present in hundreds of species 

(33). The second type includes LuxM and its homologues AinS and VanM and 

the third type includes HdtS. LuxI and LuxM homologues metabolise 

substrates S-adenosyl-methionine and an acylated-acyl carrier protein 

(derived from fatty acid biosynthesis) for the synthesis of HSLs (36, 41-43). 

How the HdtS homologues produce their respective signal molecules is not 

well understood (40). HSLs vary by length, between 4 and 18 carbons in the 

fatty acyl side chain, and oxidation at the 3rd carbon position (43, 44) (Figure 

1.3). Some variations to substrate sources have been noted (33, 45), but are 

uncommon. HSL synthesis is often highly specific, with each HSL synthase 

producing a unique HSL for specific QS systems within the same species 

under autoregulation (37, 46), however, some exceptions exist. Yersinia 

enterocolitica has one HSL synthase (YenI) which produces 3-oxo-C6-HSL, 

C6-HSL and 3-oxo-C7-HSL disproportionately, with 3-oxo-C6-HSL being most 

prevalent. This system is not under autoinduction as HSL synthesis is not 

regulated by either LuxR-homologue TFs YenR or YcoR present within the Y. 

enterocolitica (47, 48). 
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Figure 1.3: N-acyl homoserine lactone structure and target. A list of 

various N-acyl homoserine lactone (HSL) QS signal molecules with the 

respective species that it is produced in (A). All HSLs have a similar 

structure, comprising an acyl chain and a homoserine lactone ring. Some 

HSLs have the 3rd carbon of the acyl chain oxidised, denoted with a “3-oxo”. 

The 3-oxo-C12-HSL of P. aeruginosa (blue) is embedded in a pocket within 

the ligand binding domain of LasR (B).  
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Table 1.1: List of known bacteria phenotypes regulated by QS. Adapted from (49) 

Organism Phenotypes TF/s Synthase (signal molecule) Reference 

P. aeruginosa Exoenzymes, virulence, biofilm formation, motility, 

iron acquisition, pyocyanin production 

RhlR, LasR*, QscR, 

PqsR 

RhlI, LasI, PqsA-D, PqsH (C4-HSL, 3-

oxo-C12-HSL, HHQ, PQS) 

(50, 51) 

P. syringae EPS, plant colonisation AhlR AhlI (3-oxo-C6-HSL) (52) 

E. carotovora Carbapenem, exoenzymes, virulence CarR, ExpR, VirR CarI (3-oxo-C6-HSL) (53) 

P. stewartii Adhesion, EPS, plant colonisation EsaR EsaI (3-oxo-C6-HSL) (52) 

A. tumefaciens Ti plasmid conjugation, virulence TraR* TraI (3-oxo-C8-HSL) (52) 

C. violaceum Exoenzymes, antibiotic production (violacein) CviR CviI (C6-HSL) (54) 

S. liquefaciens Swarming motility, biofilm formation SwrR SwrI (C4-HSL) (55) 

V. harveyi Bioluminescence, siderophores, protease/EPS 

production, virulence 

LuxN, LuxP, CqsS LuxM, LuxS, CqsA (3-OH-C4-HSL, AI-2, 

CAI-1) 

(37, 56) 

V. cholerae Virulence, biofilm formation, EPS LuxP, CqsS LuxS, CqsA (AI-2, CAI-1) (37, 56) 

V. fischeri Bioluminescence, host colonisation, motility LuxR, AinR, LuxP, 

SdiA 

LuxI, AinS, LuxS (3-oxo-C6-HSL C8-HSL, 

AI-2,) 

(56) 

S. aureus Virulence, exotoxins, biofilm dispersal AgrC agrDd (AIP) (57) 

E. faecalis Gelatinase, protease, adhesion, conjunction FsrC, PrgX frsDb, ccfAb (GBAP, cCF10) (58, 59) 

S. 

pneumoniae 

Competence, virulence, autolysis ComD comCb (CSP) (60-62) 

B. 

thuringiensis 

Exoenzymes, toxins, sporulation, necrotrophism PlcR, NprR papRb, nprRBb,c (PapR, NprX) (59, 63, 64) 

X. campestris Virulence, biofilm dispersal, EPS RpfC PrfB, RpfF (DSF) (65) 

*TF with characterised antagonistic proteins that supress activation of these proteins (16, 66).  



24 
 

1.4: QS pathogens 

Phenotypes involved in pathogenesis and infection, such as exoprotease 

expression and secretion, EPS production and biofilm formation are often 

regulated by LuxR-homologue QS systems. For example, A. hydrophila is a 

pathogen commonly implicated in ‘motile Aeromonas septicaemia’ in 

aquaculture (67), however, Aeromonas species are also associated with 

human intestinal infections (68). There are several virulence factors of A. 

hydrophila which include adhesins, EPS and extracellular excretions, with 

exoprotease production under QS regulation (69). This QS system includes 

the LuxR-homologue AhyR which responds to C4-HSL produced by AhyI (70). 

P. aeruginosa is a common human pathogen which notably causes chronic 

lung infections in people with cystic fibrosis. The LuxR-homologues LasR and 

RhlR respond to 3-oxo-C12-HSL and C4-HSL respectively (71) and promote 

the expression of various genes with some overlap. These two QS systems 

are linked because LasR is responsible for the promotion of RhlR, thereby 

making LasR a master regulator in the QS regulon of P. aeruginosa (72). Use 

of high-density DNA microarrays has determined that this LasR/RhlR QS 

regulon influences the expression of over 300 genes, which approximates to 

6% of the genome (73). This includes key pathogenic phenotypes like 

extracellular virulence factor expression and secretion and biofilm formation, 

however metabolic functions are also under its influence which suggests that 

QS regulation has been heavily employed to adapt cells to high-cell-density 

environments (73). Both Escherichia and Salmonella genera are common 

human pathogens and express a LuxR-homologue called SdiA (74). This 

transcriptional activator responds to HSLs like many others in the LuxR-family, 

however neither genera have so far been found to express their own HSL 

synthase protein and rely on external sources for HSL. SdiA has a diverse 

range of HSL sensitivity, with responses to 3-oxo-C8-HSL, C8-HSL and C6-

HSL (75). Both lack of HSL synthase and a broad sensitivity suggest that this 

QS system has evolved to detect high cell density in heterogenous populations 

(74).  

Y. enterocolitica causes gastroenteritis in humans and regulates swimming 

motility and host cell attachment via a LuxR-homologue QS system (48, 76). 
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This system includes the LuxR-homologue YenR, which, unlike most LuxR-

homologues, loses its DNA-binding function in the presence of its cognate HSL 

3-oxo-C6-HSL, produced by YenI. Active YenR in low cell densities promotes 

the expression of the yenI-repressor, YenS, however in high cell density this 

repression is inhibited due to accumulation of HSL, resulting in sustained HSL 

synthesis and motility and cell adhesion phenotypes (48). 

 

1.5: Plant associated QS 

HSL screening of Gram-negative plant-associated bacteria by Cha et al (77) 

found the majority of Agrobacterium, Rhizobium and Pantoea isolates, along 

with about half of Erwinia and Pseudomonas isolates produce HSLs. 

Interestingly, there exists some correlation between HSL type and genera, with 

Pseudomonas and Erwinia species often produce 3-oxo-C6-HSL and all 

Agrobacterium tested produce 3-oxo-C8-HSL. However, Rhizobium species 

showed significant diversity, with some producing single HSLs and others 

producing up to seven different molecules.  

The plant pathogen A. tumefaciens causes Crown Gall disease by infecting 

the host with Ti-plasmid T-DNA (78). QS is used to regulate Ti-plasmid 

conjugative transfer between Agrobacterium spp.. This QS system includes 

the LuxR-homologue TraR which responds to 3-oxo-C8-HSL produced by TraI 

(79, 80). This system also employs a TraR-binding protein called TraM that 

binds and represses TraR. Since the repression function of TraM is entirely 

dependent on the activation by TraR, TraM is termed an antiactivator. 

Antiactivation by TraM leads to QS suppression, which is discussed in more 

detail in section 1.7. 

P. carotovorum is a plant pathogen that causes soft rot disease in a range of 

species including both vegetables and ornamentals. As is characteristic of 

plant pathogens that degrade plant tissues, P. carotovorum produces a range 

of plant cell wall degrading enzymes (PCWDE), leading to soft rot disease  (81, 

82). PCWDE production is under QS regulation. At low cell density the 

expression of PCWDE remains uninduced, however, once a higher cell density 

is attained and the population is sufficiently large enough to overcome the host 
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response, QS induces production of PCWDE. The QS system includes the 

LuxR-homologue ExpR1 which responds to the HSL 3-oxo-C6-HSL produced 

by ExpI. A secondary QS system involving the LuxR homologue CarR 

regulates expression of the β-lactam antibiotic carbapenem. CarR is activated 

by 3-oxo-C8-HSL produced by CarI. Both ExpRI and CarRI systems function 

independently since knockout of ExpI does not prevent CarR from functioning, 

nor does knockout of CarI prevent ExpR from functioning. This model 

eloquently highlights the specificity of HSL recognition in separate QS systems 

within the same cell (53, 83).    

P. stewartii causes Stewart’s wilt disease which afflicts maize. Expression of 

the virulence factor stewartan is under QS regulation. The LuxR-homologue in 

this system is EsaR which responds to the EsaI-produced 3-oxo-C6-HSLHSL 

(84). EsaR is similar to YenR in that it becomes inactivated by its cognate HSL. 

Inactive EsaR is unable to repress expression of the transcriptional activator 

RcsA, resulting in expression of stewartan (85).  

Several plant symbiosis-associated QS-regulated systems are found in plant-

associated bacteria. For example, P. putida competes with plant pathogens 

making it beneficial to the plant host (86). P. putida has its biofilm formation 

under QS regulation. This QS system includes the LuxR and LuxI homologues, 

PpuR and PpuI. PpuR shares significant sequence similarity (62%) to LasR of 

P. aeruginosa and respond to the same HSL, 3-oxo-C12-HSL.  

The plant legume family Fabaceae contains many significant species to 

agriculture including harvestable crops, livestock feed and for soil nitrogen 

enrichment. Legumes can form symbiotic relationships with nitrogen-fixing, 

Gram negative bacteria, commonly referred to as Rhizobia. R. leguminosarum 

bv. viciae RhiR (87-89) is a heavily investigated Rhizobial member which 

forms such symbiotic interactions with legume species. This interaction 

requires a large set of genes necessary for establishing plant-bacterial 

communication, subsequent root infection and nodulation. Bacterial 

populations within the plant root nodules are then able to fix atmospheric 

nitrogen and supply the host with ammonium and in return receive a supply of 

dicarboxylic acids, primary malate and succinate (88, 90). These genes are 
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often present on large plasmids that can be horizontally transferred to other 

bacterial species.  

Rhizobium leguminosarum bv. viciae encodes a LuxR-type QS system that 

regulates both host nodulation and horizontal gene transfer (87). The plasmid 

pRL1JI (91) carries genes required for plant symbiosis and nitrogen fixation 

(92, 93). R. leguminosarum bv. Viciae has four distinct QS systems, including 

the TraRI system that regulates pRL1JI conjugative transfer (Figure 1.4) (94). 

The chromosomal CinRI system regulates growth and is linked to the TraRI 

system via an intermediate transcription regulator, BisR (94, 95). A RhiRI 

system located on pRL1JI influences nodulation (87) and the RaiRI system is 

on the secondary plasmid pIJ9001 (96), however the role of the RaiRI system 

is not well understood.  

Similar to QS systems of A. Tumefaciens and P. aeruginosa, the QS system 

of R. leguminosarum incorporates antiactivators called CinS (97) and TraM. 

Bacterial two-hybrid assays demonstrate CinS binds (97) and inhibits PraR, a 

transcriptional repressor of both rhiR and raiR, allowing both QS systems to 

be active (98, 99). TraM binds and inhibit TraR. TraM has been investigated 

in great molecular detail and is described in section 1.7. QS systems are also 

present in other Rhizobial genera, including Bradyrhizobium, Mesorhizobium 

and Sinorhizobium; all three showing QS-regulated nodulation and plasmid 

transfer (99). Almost all utilise a LuxR-homologue and HSL signal molecule 

synthase for QS activation of these phenotypes. 
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Figure 1.4: of QS regulation in R. leguminosarum. The QS systems TraRI 

and RhiRI located on pRL1JI regulate conjugal transfer, growth inhibition and 

nodulation. Chromosomal located CinRI system acts as a regulator to the TraR 

system. The RaiRI system on pIJ9001 produces several HSLs but its function 

is not known. Adapted from (94). 

 

1.6: LuxR-Family transcriptional regulators 

LuxR-family HSL receptor proteins function as transcriptional regulators (31) 

and each share a similar protein domain architecture (33). LuxR proteins are 

generally ~250 amino acids long and contain an N-terminal signal molecule 

recognition domain and C-terminal DNA-binding helix-turn-helix (HTH) motif 

(100). The HTH DNA-binding sequence is highly specific to each LuxR 

regulator. The DBD of TraR targets a 9-bp sequence using 5 residues located 

on the recognition helix (101, 102). In particular, two adjacent arginine 

residues (Arg206 and Arg210) make base-specific hydrogen bonds. The DNA 

recognition helix also exhibits an overall positive charge on its surface which 
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complements the negatively charged DNA it interacts with. Binding is further 

established by having a second, identical but inverted, 9-bp sequence existing 

immediately downstream. The complete 18-bp inverted repeat accommodates 

a TraR dimer with two DBDs with two-fold rotational symmetry(103). This 18-

bp inverted repeat is called the tra-box. The positioning of the DBDs of the 

TraR dimer and the distances between targeted bases within the tra-box are 

essential for TraR binding. Additional bases inserted into the centre of the 

inverted repeat prevent TraR from binding.    

All LuxR-homologues that have been characterised appear to target similarly 

structured DNA sequences as homodimers (33). Most LuxR-homologues only 

form homodimers after binding their cognate HSL molecules which is evident 

in FPLC size exclusion chromatography of TraR (17), MtrR and 

crystallographic structures of both TraR (102) (Figure 1.5) and LasR (104). 

However, there are some QS transcriptional regulators that bind DNA in the 

absence of HSL and are deactivated in the presence of their cognate HSL. 

One of the most investigated examples of these is EsaR, which is unusual in 

that it represses a phenotype (EPS production) but only in the absence of its 

cognate HSL 3-oxo-C6-HSL (105). There are several other transcriptional 

regulators that are deactivated by their cognate HSLs, all of which are closely 

related to EsaR. Dimerisation is also critical in these EsaR-like LuxR-

homologues since it is often the disassociation of the dimer in the presence of 

the cognate HSL that causes loss of DNA binding function and reduced protein 

stability.   
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Figure 1.5: TraR of A. tumefaciens binding DNA. TraR in its active form is 

an HSL-bound homodimer that can bind its target (tra-Box) DNA sequence. 

The protein can be divided into three segments, the ligand binding domain 

(LBD) (yellow), the DNA binding domain (DBD) (cyan), and the linker between 

these (green). When dimerised (second chain shown as orange surface map) 

the structure can bind DNA. This structure was generated by X-ray 

crystallography. RSCB PDB: 1H0M (101). 

 

LuxR-homologues typically respond to a narrow range of HSL molecules, often 

with a single dominate type, however, some exceptions exist. As mentioned 

previously, SdiA and RhiR are examples of LuxR proteins with sensitivity to a 

broad range of HSLs. An example of this is LasR which has strongest affinity 

to 3-oxo-C12-HSL (its cognate HSL synthesised by LasI), followed by 3-oxo-

C14-HSL and in decreasing affinity that correlates to acyl-side chain length, 

C10, C8 and C6 (106). 

HSL specificity by LuxR-homologues is imposed by some structural features 

of the LBD (104). Many LuxR-homologue LBD are pockets built by 

hydrophobic beta-sheet and adjacent alpha-helices. The third loop (L3), 
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adjacent to the first β-sheet of the LBD, covers the surface of this binding 

pocket (Figure 1.6). This loop has some flexibility when no HSL is present in 

the LBD pocket, resulting in increased internal solvent exposure which 

destabilises the LuxR-homologue. The presence of a HSL reduces internal 

solvent exposure and stabilises the protein, however, HSLs with short fatty 

acid chains may still not prevent destabilisation. It is evident that LBD 

specificity to HSL’s is heavily associated with the length of the L3 loop. 

Furthermore, specific hydrophobic residues presented in the binding pocket 

have greater affinity to specific HSL types.   

 

 

Figure 1.6: LasR ligand binding pocket. The LBD of LasR (coloured by 

secondary structure) with th 3-oxo-C12-HSL (cyan) inside the ligand binding 

pocket along with the loop (L3) that interacts with the acyl chain, blocking 

solvent entry into the pocket and stabilising the LBD of LasR. RCSB PDB ID: 

3IX3 (107).  

 

1.7: QS inhibition  

Inhibition of QS has been observed in several species and frequently occurs 

through interference or degradation of either the transcriptional activator 

protein or its cognate signal molecule. Signal molecule degradation can be 
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enzymatically achieved by lactonases or decarboxylases that hydrolase the 

HSL ring or acylases and deaminases that cleave the acyl side chain. Both 

enzymes render the HSL molecule ineffective in signalling (108). HSL 

acylases may target distinct HSL species or exhibit a broad spectrum of 

activity. Acylases expressed by various Streptomyces species predominantly 

target HSLs with sidechains having 6 or more carbons whereas the acylase of 

P. aeruginosa cleave 3-oxo-C6-HSL, but not the C4-HSL used by its the RhlR-

QS system. The P. aeruginosa LasR-QS system uses 3-oxo-C6-HSL and 

therefore acylases expressed lowers the concentration of 3-oxo-C6-HSL and 

inhibits QS activation (109).  A. tumefaciens K588 and M103 expresses a 

lactonase that reduces 3-oxo-C8-HSL, preventing QS activation required for 

transfer of its Ti plasmid (110, 111). 

Since many QS systems are associated with pathogeneses it is unsurprising 

that eukaryotes have also evolved mechanisms of QS inhibition. This has been 

characterised mostly in plants which are susceptible to QS-regulated disease 

and often results in signal molecule degradation via lactonases. Additionally, 

in mammals, antibodies are generated against 3-oxo-C12-HSL, directly 

reducing QS response in P. aeruginosa reducing QS-activated virulence, 

similarly, antibodies are generated against the autoinducing peptide-4 (AIP-4) 

of S. aureus, also reducing QS-activated virulence (112).  

 

1.8: Antiactivation of LuxR-family proteins 

QS systems can be inhibited by proteins that antagonise LuxR function. These 

antagonistic proteins directly interfere with their targeted LuxR-family 

transcriptional activator to suppress its function and are termed antiactivators. 

Although few antiactivators have been characterised, the modes of action for 

the TraR-antiactivator TraM of A. tumefaciens and the LasR-antiactivator QslA 

of P. aeruginosa have been investigated in detail using molecular and 

biochemical experiments together with crystal structure determination. The 

TraM interaction with TraR was first demonstrated using yeast two-hybrid 

assays (113) without the presences of TraR’s 3-oxo-C8-HSL signal molecule. 

Gel filtration and isothermal titration calorimetry (ITC) experiments 
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demonstrated TraR and TraM are present in a 1:1 ratio in complexes. The 

complexes are frequently heterotetramers, indicating TraM can bind TraR 

dimers (114, 115). It was also determined through ITC that a single TraM 

bound to TraR can recruit a second TraM monomer, accounting for the 

preferential heterotetramer complex composed of two TraR and two TraM 

proteins. Interestingly, TraM expression is promoted by active TraR, which 

creates a negative feedback system (116), suggesting that there is a selective 

pressure against spontaneous QS activation or lingering activation if cell 

density is not high enough. It is also worth noting that TraR expression is often 

stimulated in Agrobacterium species by signal molecules from the cells of the 

plant itself, termed opines. Opines and TraM therefore function 

antagonistically to  tightly regulate QS activation and the threshold for 

induction of Ti plasmid transfer (117).  

Yeast two-hybrid assays (113, 115) indicate TraM targets TraR between 

amino-acid residues 121 to 234 of TraR. This range includes both the C-

terminal end of the LBD (186-234) and the linking region between the LBD and 

the DBD. TraM does not interact with the DNA-binding domain of TraR. TraM 

increases rate of proteolytic degradation of TraR (118). TraM is not itself 

degraded in the TraR-TraM interaction. TraM likely achieves degradation of 

TraR by destabilising TraR structure and exposing it to proteolytic enzymes in 

the cell (119).  

The structure of TraM in complex with TraR was solved using by X-ray 

crystallography and shed further light on the mechanism of TraM-mediated 

TraR antiactivation (66) (Figure 1.7). TraM is a 11.2 kDa protein containing 

two antiparallel helices. Supporting yeast two hybrid assays, TraM was found 

complexed with TraR through interactions between the middle-to-C-terminal 

potion of TraR, between the N-terminal LBD and C-terminal DBD. In these 

structures TraM appears to distort the dimerisation and DNA-binding domains 

that are required for TraR to form a stable complex with the tra-box. TraM can 

bind TraR in complex with DNA or not; TraR is removed from its DNA target 

when bound by TraM.   
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Figure 1.7: TraM-TraR heterotetramer. TraM (red) binding between the DBD 

(blue) and LBD (green) of TraR. TraR is its active homodimer complex (partner 

yellow) bound to its HSL ligand (magenta). TraM moves the DBD of both TraR 

chains apart, preventing the DNA-binding interface from functioning. RCSB 

PDB ID: 2Q0O (Uniprot ID, Q57471) (66). 

 

TraR and TraM both have hydrophobic surfaces which are positioned in close 

proximity with each other in the cocrystal structure (Figure 1.8). This region 

includes the residues Ala32-Ile36 and Leu88-Val98 of TraM and residues 

Leu170 to Leu199 of TraR. Residue Trp186 and the LuxR-homologue 

conserved Leu199 of TraR seem to be critical to the interaction between TraR 

and TraM. The overall hydrophobic surfaces of this area (120) is likely required 

to form a stable interaction with TraR. A Hydrophobic surface area on the 

antiactivator of Klebsiella pnemoniae (NifL) (121) is critically required to bind 

the hydrophobic region in the C terminus of the  LuxR homologue NifA. 
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Figure 1.8: TraR-TraM binding region. Residues coloured by hydrophobicity 

(white is most hydrophobic), TraM (blue/white) alpha helices (TraM H1/H2), 

TraR (green/white) helices (TraR H7/H8), and residues labelled. 

Hydrophobicity is conserved at the binding interface where the critical residues 

of TraM (Ala32, Ile36, Leu88, Val98) and TraR (Trp186, Leu199) are located. 

RCSB PDB ID: 4NG2.  

 

Three distinct antiactivators have been identified in Pseudomonas spp.. The 

11.8 kDa antiactivator QslA inhibits LasR, QteE (21.8 kDa) inhibits RhlR (27.6 

kDa) and QscR inhibits both LasR and RhlR (122). QslA is the most well-

characterised of the Pseudomonas spp.. antiactivators. QslA forms a 

heterotrimer with LasR. Analytical ultracentrifugation has shown that a QslA 

dimer binds a single LasR protein forming a QslA-QslA-LasR heterotrimer. The 

QslA dimer targets the ligand binding domain (LBD) of LasR, preventing LasR 

dimerisation and QS activation (16, 123). QslA does not share any primary 

sequence similarity with TraM, indicating it has evolved independently. 

Electrophoretic mobility shift assays (EMSA) showed that LasR disassociates 

from its DNA in the presence of QslA (123). Similar to TraM-TraR interactions, 

two-hybrid assays demonstrate QslA binds the LBD of LasR (16) (Figure 1.9). 
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Mutations to the hydrophobic region of QslA that span residues 74-107 prevent 

dimerisation of QslA and antiactivation of LasR (16).  

Structure determination of QslA showed it is a predominately alpha helical 

protein like TraM but adopts a significantly different structure (123). Structure 

solution of QslA-LasR in complex confirmed the QslA-QslA-LasR heterotrimer 

complex, with the binding interface located on the LBD of LasR. The QslA 

dimer blocks the space required for two LasR proteins to bind and form a dimer 

required for QS activation. QslA does not appear to prevent LasR from binding 

its 3-oxo-C12-HSL ligand, suggesting that QslA physically blocking the binding 

region required by LasR to form an active dimer is the primary means by which 

antiactivation is achieved. 

 

 

Figure 1.9: QslA homodimer binding ligand-binding domain (LBD) of 

LasR. The crystal structural RSCB PDB ID, 4NG2, showing LasR (chain A) 

and QslA (chain E and F). The lasR LBD (green), with bound HSL, interacting 

with two QslA chains (N to C terminal, yellow to red). QlsA the dimer inhibits 

LasR by binding its LBD (16). 
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The structure solution of QslA-QslA-LasR heterotrimer reveals extensive 

hydrophobic surfaces where the QslA dimer targets the LBD of LasR (Figure 

1.10). This region includes residues Leu3, Val4, Phe7, Leu30, Phe143, 

Val147-Pro149, Trp152 and Met153 of LasR and Val20, Ile23, Ile24, Tyr27, 

Leu30, Leu45-Val49 and Met89 of QslA. The exposed aromatics are of 

particular interest in this region since they have the potential to form extensive 

hydrogen bonds with LasR. Both QslA and TraM achieve QS antiactivation by 

interfering with the LuxR-homologue, however, the mechanism through which 

antiactivation is achieved differ. This variation suggests antiactivation has 

evolved independently in different QS systems.  

 

 

Figure 1.10: QslA-QslA-LasR heterotrimer hydrophobic surface 

interface. LasR (chain A, magenta/white) and QslA (chain E, green/white and 

F, blue/white). Residues coloured by hydrophobicity (most hydrophilic white) 

with residues Trp152 of LasR (chain A), Phe80 of QslA (chain E) and Trp47 of 

QslA (chain F) all sit in the proposed binding space. 3-oxo-C12-HSL present 

within the LBD of LasR and not effected by QslA binding. Structure RSCB PDB 

ID 4NG2 (123). 
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1.9: Horizontal transfer of genes for nitrogen-fixing symbiosis in 

Mesorhizobium loti R7A 

Mesorhizobium species are nitrogen-fixing plant symbionts like R. 

leguminosarum described in section 1.5. Nitrogen fixation and nodulation by 

Mesorhizobium and Rhizobium species is similar, however, plant hosts 

targeted for nodulation differ. Mesorhizobium species nodulate a diverse array 

of legumes, with the M. loti specifically nodulating Lotus corniculatus. The 

genes for nitrogen fixation in Mesorhizobium spp. are generally encoded on 

the chromosomally-integrated mobile genetic elements instead of plasmids 

(124). These elements are termed integrative and conjugative elements 

(ICEs). The first symbiosis ICE was discovered in Mesorhizobium loti strain 

R7A in New Zealand soils. Strain R7A was used in trials as an inoculant for 

Lotus corniculatus in a field site originally devoid of symbiotic mesorhizobia 

capable of forming a symbiosis with Lotus spp. However, these field sites also 

contained several, previously uncharacterised non-symbiotic Mesorhizobium 

species which subsequently acquired nodulation and nitrogen-fixation genes 

from M. loti R7A through horizontal gene transfer. The new symbiotic species 

were found within the root nodules of L. corniculatus plants harvested several 

years after M. loti R7A was introduced to the field site. Further investigation of 

M. loti strain R7A revealed that it’s nodulation and nitrogen fixation genes are 

encoded in a 501.8 kb integrative and conjugative element (ICE), herein 

referred to as ICEMlSymR7A (125) (Figure 1.11) (126). ICEMlSymR7A integrates 

within the chromosomally-located phe-tRNA gene (124) in Mesorhizobium 

spp.. ICEMlSymR7A only horizontally transfers when cultures are at high cell 

density and the quorum-sensing regulators TraR and TraI1 control induction 

of ICEMlSymR7A excision and conjugative transfer (127). 
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Figure 1.11: ICE excision and transfer. An example of horizontal gene 

transfer where a mobile genetic element (coloured red) transfers from one 

bacterial chromosome to another through conjugation (Figure adapted from 

(128)). The genetic element excises from the host chromosome and 

circularises (1) before a stand of the dsDNA is transferred to an adjacent cell 

through a pore structure (2). The remaining ssDNA strands in either cell 

undergoes replication (3) to synthesize a matching stand before the completed 

dsDNA genetic element is integrated into the host chromosome (4).  

 

1.10: Regulation of symbiosis island transfer by quorum sensing  

Integration and excision of ICEMlSymR7A is catalysed IntS, a phage-P4-family 

tyrosine recombinase that catalyses site-specific recombination between 

sequence called attachment sites (att). The bacterial chromosome integration 

phe-tRNA gene contains the bacterial attachment site (attB, which recombines 

with the ICEMlSymR7A) and the product attachment site (attP, present on the 

circular ICEMlSymR7A). During ICEMlSymR7A integration, recombination 

between attB and attP sites generates two new hybrid attachment sites attL 

and attR that form a direct repeat sequence flanking integrated ICEMlSymR7A.  
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In the absence of other factors, IntS-mediated recombination heavily favours 

the formation of attL and attR and drives ICEMlSymR7A chromosomal 

integration. In the vast majority of cells ICEMlSymR7A is maintained in an 

integrated state (125). However, in stationary-phase cultures ICEMlSymR7A 

excision and transfer occur at 10-100-fold greater frequency (125).  

The recombination directionality factor (RDF) of M. loti R7A, RdfS (129), 

induces the integrase IntS to catalyse excision of ICEMlSymR7A (130). RDFs 

are typically small proteins containing a winged HTH (wHTH) motif. RdfS 

expression is increased in stationary phase cultures. The HSL-synthases 

TraI1 produces 3-oxo-C6-HSL as the main product. When TraR is activated 

by 3-oxo-C6-HSL it stimulates the expression of genes msi172 and msi171 

and the apparent pseudogene, traI2. The msi172 and msi171 open-reading-

frames produce a single polypeptide product through ribosomal frameshifting, 

called FseA (131, 132). This frameshifting motif is located within the 3’ end of 

the msi172 open-reading-frame (133). FseA activates expression from the 

rdfS promoter which controls expression of rdfS, traF (encoding a protease for 

pilis protein maturation), msi107 (encoding a predicted murein hydrolase) and 

the conjugative relaxase gene rlxS. The traF, msi107 and rlxS gene products 

are essential ICEMlSymR7A conjugation, thus bringing horizontal transfer of 

ICEMlSymR7A under QS control (Figure 1.12) (35, 125, 130, 134). The R7A 

TraR and TraI1 proteins are most closely related to TraR and TraI of A. 

tumefaciens and R. leguminosarum bv. viciae (79, 95). Introduction of an 

additional copy of R7A traR on a plasmid increases ICEMlSymR7A excision 

frequency to 100% (35), suggesting that TraR concentrations are limiting in 

wild-type R7A cultures.   
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Figure 1.12: QS activation in M. loti R7A. Quorum sensing regulation of 

symbiosis island transfer in M. loti R7A homologous to the LuxR/I system. 

TraR becomes an active homodimer in the presence of 3-oxo-C6-HSL 

(synthesized by TraI). Active TraR promotes expression of Msi172 and Msi171 

which frequently exist as a fused product due to a ribosomal frameshift motif. 

The Msi172-Msi171 fused product, FseA, is a transcriptional activator that 

promotes the expression of genes required for gene transfer. Figure adapted 

from (134). 

 

1.11: The master antiactivator QseMThe ICEMlSymR7A QS and transfer 

system is repressed by the QS antiactivator QseM (Figure 1.13). The qseM 

gene is transcribed towards msi172-msi171. QseM expression is under 

regulation of the ‘quorum sensing and excision modulator’ (QseC) protein, a 

69-residue protein belonging to the Xre family of HTH DNA binding proteins, 

expressed adjacently to qseM (130). R7AΔqseM mutants are derepressed for 

QS and exhibit 100% excision of ICEMlSymR7A (130). Bacterial two-hybrid 

assays demonstrate QseM binds TraR. QseM only binds TraR in the presence 

of 3-oxo-C6-HSL, suggesting that QseM only targets activated TraR, 

conceivably when TraR is in a dimerised state. It is noteworthy that TraM of A. 

tumefaciens binds either the monomeric or dimeric forms of TraR, potentially 

indicating that QseM and TraR are dissimilar in their mechanism of 

antiactivation (115). Two-hybrid assays also demonstrate that QseM binds the 

transcriptional activator FseA, so QseM is distinct from all other characterised 
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antiactivators in that it binds two different proteins (135). By targeting both 

TraR and FseA, QseM is able suppress ICEMlSymR7A excision and transfer on 

two levels; antiactivation of QS by binding TraR and by binding FseA it also 

inhibits rdfS, traF, msi107 and rlxS expression.  

 

 

Figure 1.13: QS inactivation in M. loti R7A by the antiactivator QseM. 

QseM binds the TraR homodimer and FseA. QseM prevents either TraR or 

FseA from promoting gene expression, effectively inhibiting QS activation and 

gene transfer. QseM is targets the Msi172, either as by itself or when 

expressed as FseA (Msi172-Msi171 fusion). Figure adapted from (134). 

QseM is an 83-amino acid long protein and thus similar in size to both TraM 

and QslA, however, it shares no sequence similarity with either. Amino acid 

sequence analysis of QseM shows it is distantly related to the C-terminal 

portion of FseA encoded by msi171. Automated annotations of both QseM and 

Msi171 classify these proteins as containing a domain of unknown function 

(DUF) 2285 (COG5419 pfam10074) (130).   

Circular dichroism (CD) experiments on 6H-QseM were carried out by Dr. 

Joshua Ramsay as part of early structure analysis of the QseM (unpublished 
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data). CD is an effective method for determination of secondary structure 

composition of a protein based on how it absorbs certain light. The use of CD 

for protein structure analysis has been published showing how different protein 

secondary structures appear (Figure 1.14) (136). CD of hexahistadine-tagged 

QseM protein (6H-QseM) revealed a high ΔE (difference of light absorption) 

between wavelengths 190-196 along with a low ΔE at wavelength 205-220 

before gradually returning to baseline (Figure 1.15). This profile is consistent 

with 6H-QseM being predominantly alpha-helical. No other structural analysis 

of QseM had been carried out prior to this thesis.  

 

 

Figure 1.14: Circular dichroism profiles of various secondary structures. 

Light absorption plotted on the y axis against wavelength on the x axis. Figure 

sourced from (136). 
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Figure 1.15: Circular dichroism of 6H-QseM. The Circular dichroism plot of 

6H-QseM displays a ΔE patter that indicates it has a predominantly alpha-helix 

secondary structure.  

 

Domain of Unknown Function (DUF) protein families are broadly distributed 

homologous proteins for which a function has not been attributed (137). These 

DUFs constitute (as of 2013) more than 20% of all protein domains, with 

~1,500 DUFs in Eukaryotes and 2,700 in Prokaryotes (138). The DUF2285 

protein family is widely distributed among the Alphaproteobacteria phylum, 

with half of all DUF2285-domain proteins found in either Rhizobials or 

Sphingomonadales. There are 298 Alphaproteobacteria species encode 

DUF2285-domain within their genome (139). The QseM sequence is entirely 

comprised by the DUF2285-domain, while the FseA sequence is larger at 266 

residues and encodes the DUF2285 domain in the last 70 residues of its C-

terminus. Aside from this, proteins with the DUF2285 domain do not appear to 

be fused to any other domain. Interestingly, two-hybrid assays have 

demonstrated that QseM binds to the N-terminus of FseA and not the 

DUF2285 domain of FseA 
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1.12: Aims of this thesis. 

QseM is a DUF2285 protein that can bind and inhibit both FseA and TraR. The 

mechanism by which QseM binds and inactivates TraR and FseA is not 

known, nor are there any characterised DUF2285 proteins that can shed light 

on this. 

Given that QseM shares no primary sequence similarity to QslA and TraM, it 

seems likely that QseM may interact with its partner activator proteins TraR 

and FseA through a distinct mechanism. Both QslA and TraM were 

characterised by structure determination in conjunction with protein-interaction 

assays. We propose that a similar approach taken with QseM will lead to a 

better understand of how it functions as an antiactivator, and potentially 

uncover characteristics of the DUF2285 protein family in general.  

The aim of this thesis was to biochemically characterise and determine the 

structure of QseM using X-ray crystallography and nuclear magnetic 

resonance (NMR).  
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Chapter 2: 

Materials and Methods 
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2.1 Materials: 

Table 2.1: Overview of materials used. 

Material  Supplier/manufacture  

Microcentrifuge tubes (various size) SSIbio 

Freeloads Pipette tips Interpath 

electro cuvette (1 mm, 90 µL) BTX 

Centrifuge tubes (various sizes) Greiner & Nunc 

Universal tubes (30 mL) Techno Plas 

Petri dish (94 mm) Techno Plas 

PCR tubes (0.2 mL) SSIbio 

Serological Pipettes (10 and 30 mL) Nunc 

Cryostorage vials (2 mL) Cryo.S 

Syringe Filter (0.22 and 0.44 µM) Millex 

Syringe (plastic, Luer Slip10 mL) Terumo  

Plasmid extraction kit Favorgen 

Gel/PCR purification kit Favorgen 

Centrifuge bottles (30 and 250 mL) Nalgene 

Amicon concentrator tubes (various 

volume/filter size) 

Millipore 

Vivaspin centrifuge concentrators (various 

volume/filter size) 

GE Healthcare 

Mini-Protean TGX gels (4 – 15%) Bio-Rad 

HisTrap HP Ni-NTA column (5 mL) GE Healthcare 

Membrane filters (0.22 and 0.44 µM) Pall 

Filtration/degasser (500 mL) Nalgene 

SEC 16/600 HiLoad Superdex 200 GE Healthcare 

SEC 10/300 GL Superdex 200 GE Healthcare 

NMR tubes (5 mm) Shigemi 

Intelli-plate crystallisation tray (3 drop, 96 well) Hampton Research 

Sitting-drop crystallisation tray (24 well) Hampton Research 

Crystal suspension loops (nylon, various sizes) MiTeGen 

Crystalliastion screens (Index, Crystal, 

PEG/ion) 

Hampton Research 

10-200 kDa protein ladder  NEB 
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2.2 Chemicals: 

Table 2.2: Overview of chemicals used. 

Chemical name Supplier/manufacturer 

Potassium phosphate monobasic Chem-Supply 

di-Sodium hydrogen orthophosphate  Chem-Supply 

Sodium dihydrogen orthophosphate Chem-Supply 

Sodium chloride Astral Scientific  

Ethylenediaminetetraacetic acid 

(EDTA) 

Perth Scientific 

Iron (III) chloride hexahydrate Perth Scientific 

Zinc chloride  Chem-Supply 

Copper (II) sulfate pentahydrate Perth Scientific 

Cobalt (II) chloride hexahydrate Perth Scientific 

Boric acid Perth Scientific 

Manganese (II) sulfate monohydrate Perth Scientific 

Calcium chloride dihydrate Perth Scientific 

Magnesium sulfate heptahydrate Perth Scientific 

Thiamine hydrochloride  MP Biomedicals 

Biotin Astral Scientific 

Ammonium chloride Perth Scientific 

D-Glucose Perth Scientific 

Tryptone (casein peptone) Amyl Media 

Yeast extract Sigma-Aldrich 

DL-selenomethionine Chem-Supply 

L-Leucine Astral Scientific 

L-Phenylalanine Astral Scientific 

L-Threonine Astral Scientific 

L-Isoleucine Astral Scientific 

L-Valine Astral Scientific 

L-Lysine monohydrochloride Astral Scientific 

Glycerol  Perth Scientific 

Tris-HCl Astral Scientific 

Imidazole Astral 

D-Glucose (U- 13C6) Novachem 

Ammonium chloride (15N) Novachem 

Isopropyl β- d-1-

thiogalactopyranoside 

Astral Scientific 

Methanol Perth Scientific 

Glacial acetic acid Chem-Supply 

Coomassie brilliant blue (R-250)* Chem-supply 
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2.3 Strains and vectors: 

Table 2.3: Strain details. 

E. Coli 

Strains 

Description Source/reference 

EPI300 Electro-competent strain, high 

transformation efficiency and suitable 

for DNA library storage.   

Ramsay Lab, 

Curtin University 

BL21(DE3) 

(pLysS) 

Optimised protein expression strain, 

pLysS vector to reduce non-IPTG 

induced expression.  

(140) 

 

Table 2.4: Vector details. 

Plasmids Description Source 

pQE-80L Protein expression (T7/lac induced), 

ampicillin resistance. T7/lac induced. 

Qiagen 

pET-11a Protein expression (T7/lac induced), 

kanamycin resistance, adds a TEV 

cleavable 6His tag sequence (upstream) 

to insert gene. 

Novagen 

pETM-41 Protein expression (T7/lac induced), 

kanamycin resistance, adds a TEV 

cleavable 6His-MBP tag sequence 

(upstream) to insert gene. 

Novagen 

pQe80_FseA Protein expression (T7/lac induced), 

ampicillin resistance. T7/lac induced. 

Expresses 6H-FseA 

Ramsay Lab, 

Curtin 

University 

pQe80_QseM Protein expression (T7/lac induced), 

ampicillin resistance. T7/lac induced. 

Expresses 6H-QseM 

Ramsay Lab, 

Curtin 

University 

 

Table 2.5: Primer details. 

Primer name Sequence Use 

pQe80_fwd TCTTCACCTCGAGAAATCAT Sequencing 

pQe80 

constructs 

pQe80_rev TGAGGTCATTACTGGATCTATCA Sequencing 

pQe80 

constructs 

pETM11_fwd TGATGTCGGCGATATAGGCGC Sequencing all 

pET constructs 
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pETM11_rev GTTATGCTAGTTATTGCTCAGCGG Sequencing all 

pET constructs 

FseAco_NcoI_fwd ATATCCATGGCTATGATCGGTAACGAC PCR amply 

FseA, add RE 

site 

FseAco_BamHI_rev TATAGGATCCTTAAACCAGGAAGTCACG PCR amply 

FseA, add RE 

site 

 

 

 

Figure 2.1: Vector map of pQe80L (addgene sequence analyser). 

 

Figure 2.2: Vector map of pET11a (addgene sequence analyser). 
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Figure 2.3: Vector map of pETM41 (addgene sequence analyser).
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2.4 Buffers and solutions 

Note, all solutions are made up in ultra-pure water (filtered through an 

ultrapure system, Ibis Technology) unless specified otherwise. 

Table 2.6: Medium composition. 

Lysogeny Broth (rich) media 

• Tryptone 10 g/L 

• NaCl 10 g/L 

• Yeast Extract 5 g/L 

M9 (minimal) media 

• M9 salt stock solution (10X) 100 mL/1 L media 

• Na2HPO4 60.0 g 

• KH2PO4 30.0 g 

• NaCl 5.0 g 

• Trace element solution (100X) 10 mL/1 L media 

• EDTA 5.000g 

• FeCl3.6H2O 0.830 g 

• ZnCl2 0.084 g 

• CuCl2.5H2O 0.015 g 

• CoCl2.6H2O 0.010 g 

• H3BO3 (boric acid) 0.010 g 

• MnSO4.H2O 0.002 g 

• 0.34 M CaCl2 (dissolved in 

ddH2O) 

1 mL/ L 

• 1 M MgSO4 (dissolved in ddH2O) 1 mL/ L 

• 1 mg/mL Thiamin (dissolved in 

ddH2O) 

1 mL/ L 

• 1 mg/mL Biotin (dissolved in 

ddH2O) 

1 mL/ L 

• NH4Cl* 0.5 g/L 

• 20% glucose (dissolved in 

ddH2O)* 

20.0 mL/L 

• Selenomethionine mix 

(dissolved in ddH2O with 

addition on HCl)# 

50 mg/per amino acid/1 L 

medium (L-selenomethionine,L-

isoleucine, L-leucine, L-valine) 

100mg/per amino acid/ 1 L 

medium (L-phenylalanine, L-

lysine, L-threonine) 

 
*For isotope incorporation, 15NH4Cl and/or L-13C-glucose were used 
#For selenium incorporation. Added to expression medium after inoculation of 
broth with culture in early log-phase but before addition of IPTG 
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Table 2.7: Antibiotic selection for strains and vectors. 

Strain/vector Antibiotic concentration 

EPI300 No strain selection 

BL21(DE3) (pLysS) Chloramphenicol: 100 µg/mL 

pQE-80L Ampicillin: 100 µg/mL 

pET-11a Ampicillin: 100 µg/mL 

pETM-41 Kanamycin: 50 µg/mL 

 

Table 2.8: Nickel-purification buffer composition. Final buffers were pH 

adjusted to 7.5 using NaOH/HCl. 

Component Buffer A Buffer B 

NaCl 300 mM 300 mM 

Na2HPO4/NaH2PO4 100 mM 100 mM 

Glycerol 5-10 % 5-10 % 

Imidazole (C3N2H4) 100 mM 800 mM 

 

Table 2.9: SEC purification/crystallisation buffer. Final buffer was pH 

adjusted to 7.5 using NaOH/HCl. 

Component Concentration 

NaCl 100 mM 

Tris-HCl 50 mM 

Glycerol 0-2 % 

 

Table 2.10: Minimal salt buffer. Final pH was adjusted to 7.5 using 

NaOH/HCl. 

Component Concentration 

NaCl 20 mM 

NaH2PO4 10 mM 
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Table 2.11: Protein extinction coefficients.  

Protein Molecular 

mass (kDa) 

Ext. coefficient 

(M-1 cm-1) 

Residue 

number 

pI 

QseM 9.780 15470 83 4.87 

6H-QseM 10.960 15470 91 5.85 

6H-TEV-QseM 12.704 18450 108 5.50 

6H-MBP-TEV-FseA 75.219 121810 667 7.06 

Values calculated with ProtParam (141). (https://web.expasy.org/protparam/) 

 

Table 2.12: Buffers for protein gel electrophoresis. 

Tris-glycine 10× stock (1 L) 

Component Concentration 

Glycine 144.0 g 

Tris 30.4 g 

Gel running buffer (1 L) 

Component Concentration 

Tris-glycine (10× stock) 100 mL 

SDS (10% in ddH2O) 10 mL 

ddH2O 890 mL 

 

Table 2.13: Protein loading dye (4 ×). 

Component Concentration 

Tris-HCl 50 mM 

Sodium dodecyl sulphate 2.0 % 

Bromophenol blue 0.1 % 

Glycerol 30 % v/v 

Dithiothreitol (5 M in water) 20 µL/1 mL 

 

Table 2.14: SDS-PAGE Coomassie blue stain and de-stain. 

Components Concentration 

Methanol 50% 

Glacial acetic acid 10% 

Coomassie brilliant blue (R-

250) * 

0.1% 

* Only present in stain, de-stain was dye-free. 

https://web.expasy.org/protparam/
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2.5 Methods: 

2.5.1 Plasmid construction 

DNA to be cloned was created either by PCR amplification from previously 

constructed vectors (Table 2.4, pQe80_FseA and pQe80_QseM) or 

synthetically as gene blocks (IDT). PCR amplified products and expression 

vectors (Table 2.4, pQe80L, pET-11a and pETM-41) were restriction-digested 

and cleaned using a Gel/PCR purification kit (Favorgen) prior to ligation. After 

ligation and clean-up of product using a Plasmid extraction kit (Favorgen), 

vectors were transformed into E. coli EPI300 strain (Table 2.3) by 

electroporation. Electroporation was achieved by mixing ~50 µg/mL post 

clean-up vectors with a thawed but still cold 40 µL aliquot of bacteria (frozen 

mid-log phase). The mixture was inserted into a pre-chilled (on ice) electro-

cuvette (BTX) before being loaded into a MicroPulser Electorporator (Bio-Rad) 

and exposed to a brief burst of 1.8 kV at 9 A current. Immediately after 

electroporation, cell-DNA mixture was suspended in 1 mL LB (Lysogeny Broth, 

refer to Table 2.6) media, pre-warmed to 37 °C, and allowed to recover for 30 

- 60 minutes at 37 °C before being used to inoculate a LB-medium plate 

containing antibiotics selecting for both the strain and vector. Successful 

clones were identified by agarose gel electrophoresis of restriction-enzyme 

digests and Sanger sequencing (AGRF) using appropriate sequencing 

primers (refer to Table 2.5).  

 

2.5.2 Expression of QseM and FseA 

Expression plasmids containing N-terminally fused hexahistidine (6H) tagged 

QseM and FseA were previously constructed (Dr. Josh Ramsay). A second 

expression plasmid was constructed (as per 2.5.1) to express 6H-QseM with 

a tobacco etch virus (TEV) protease site between the hexahistidine tag and 

the protein, referred to as 6H-TEV-QseM. Additionally, a plasmid was 

constructed to express 6H-TEV-MBP-FseA. These vectors were 

electroporated into BL21(DE3) pLysS and resulting strains were used to 

inoculate a 5 mL LB starter culture which was incubated at 37 °C overnight 

under antibiotic selection for the strain and the expression vector (refer to 

Table 2.7). Once the starter culture reached mid-log phase (OD600 ~ 0.2), the 
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entire culture was used to inoculate 1 L LB medium containing the same 

antibiotics and incubated with shaking (180 rpm) at 37o C. All expression 

vectors used were isopropyl β-D-1-thiogalactopyranoside (IPTG) inducible 

(142) and were induced to express protein with 0.2 mM IPTG once the culture 

reached log phase (~OD600 0.4). The culture was further incubated with 

shaking for 12-18 h after which cells were collected by centrifugation at 10,000 

× g (Beckman Coulter Avanti J-E) in 250 mL centrifuge bottles (Nalgene), 

transferred to 50 mL tubes (Greiner) and stored at -80 °C or used immediately 

for purification. 

For incorporation of L-selenomethionine, and carbon and nitrogen isotope 

labelling, strains were cultured in M9 minimal medium (Table 2.6, M9 (minimal) 

medium). For SeMet incorporation, 50 mg/L SeMet was added. Additionally, 

100 mg/L phenylalanine, lysine and threonine and 50 mg/L leucine, isoleucine 

and valine were added to inhibit methionine biosynthesis plus (143). For NMR, 

cells were grown in M9 medium containing 13C-containing D-glucose 

(Novachem) and/or 15N-containing ammonium chloride (Novachem) as sole 

carbon or nitrogen sources, respectively. 

 

2.5.3 Cell lysis 

Cell pellets were suspended in a PBS buffer (buffer A, Figure 2.8) and 

mechanically lysed using a constant flow system (Constant Systems, CF1) 

maintained at 5 °C via refrigerated water jacket. The lysed solution was 

centrifuged (Beckman Coulter Avanti J-E) at 24,000 × g for 45 minutes at 4 °C 

in 50ml centrifuge bottles (Nalgene) to separate insoluble components. The 

soluble fraction was filtered through a 0.22 µm syringe filter (Millex) using a 

sterile syringe (Terumo). Filtered soluble fractions were used immediately for 

purification.  

 

2.5.4 Purification of QseM 

6H-QseM protein was purified from lysed E. coli suspension in a two or three 

step process depending on the construct used. Throughout the entire process, 

where possible, temperature of the protein was kept at or below 4 °C. The 
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soluble fraction was loaded immediately into a 5 mL Ni-NTA column (GE 

Healthcare) at a flow rate of 1 – 2 mL/min using a peristaltic pump (EP-1 Econo 

Pump, Bio-Rad) in binding buffer (Buffer A, Table 2.8). Purification was carried 

out using fast protein liquid chromatography (FPLC) (GE Ӓkta Purifier, or Bio-

Rad DuoFlow) and protein elution was monitored by measuring absorbance 

at 280 nm using an in-line UV probe. The Ni-NTA column containing bound 

6H-QseM was washed with Buffer A and then Buffer B (buffer A + 800 mM 

imidazole, Table 2.8) was added with a linear gradient increase of 32mM 

imidazole/ml. All proteins were eluted from the Ni-NTA column with less than 

800 mM imidazole. Size exclusion chromatography (SEC) (Superdex 200 

16/600, GE Healthcare) was then used to purify 6H-QseM and replace 

purification buffer with crystallisation buffer (Table 2.9) or an NMR-suitable 

minimal-salt buffer (Table 2.10). The Superdex 200 16/600 and Superdex 200 

10/300 GL (GE Healthcare) columns for SEC had void volumes of ~45 ml and 

~7.5 ml respectably. 

For purification of 6H-TEV-QseM an additional step was added after the nickel-

affinity step. Nickel-purified 6H-TEV-QseM was mixed in a 10:1 molar 

concentration ratio with recombinant 6H-tagged TEV protease and incubated 

for 12-16 h at 4 °C with 1mM dithiothreitol (DTT). The mixture was then loaded 

into a 5 mL HisTrap nickel column. The flow-through containing cleaved QseM 

protein was collected. The cleaved QseM protein sample was then purified 

using SEC as above. 

 

2.5.5 Purification of FseA 

6H-MBP-FseA was purified in a similar method to 6H-QseM, however the 

buffers used during the Ni-NTA and SEC purification process were adjusted 

to pH 6.5. A dedicated Ni-NTA column was used exclusively for 6H-MBP-FseA 

to avoid cross-contamination between protein samples. 6H-MBP-tagged FseA 

was used immediately after purification due to rapid aggregation.  
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2.5.6 Protein concentration  

Purified protein was concentrated using centrifugal filtration tubes (GE 

Healthcare, Millipore) with a mass cut-off of 10 kDa. Concentration of protein 

samples was done in centrifugation increments of no more than 10 minutes at 

a time at 2,000 × g at 4 °C. Between centrifugations, the sample was gently 

mixed by pipette and absorbance at 280 nm was measured (absorbance on 

Thermo Scientific NanoDrop 1000) and the concentration was calculated 

using ProtParam (141) (ExPasy) with the appropriate extinction coefficient 

(detailed in Table 2.11). Protein loss during concentration was monitored by 

measuring protein absorbance of the column flow-through. Once the desired 

concentration was reached, the sample was transferred to a new tube (SSIBio) 

and used immediately for experimentation, stored in short term on ice or at 4 

°C, or frozen in liquid nitrogen and kept at -80 °C for long term storage.  

 

2.5.7 Analysis of protein sample  

Visible clouding of the protein suspension was used as an indicator that protein 

became insoluble in that solution at that concentration or temperature. After 

centrifugation to pellet any insoluble protein that was visible or not, a significant 

drop in a 280 nm absorbance signal in the soluble fraction (Thermo Scientific 

NanoDrop 1000) was also used as an indicator that protein precipitation and/or 

aggregation was occurring.    

Denaturing SDS-PAGE analysis was used throughout the purification process 

to confirm presence and molecular weight of the protein. For SDS-PAGE 

analysis, protein was mixed with a loading dye (Table 2.13), heated to 95 °C 

for 10 minutes then loaded into a pre-cast SDS-PAGE gel (4 – 15% Mini-

Protean TGX gel, Bio-Rad) mounted in a protein electrophoresis vertical 

chamber (Mini-Protean, Bio-Rad) submerged in gel running buffer (Table 

2.12). Gels were run using a 250 W 1 kV 500 mA DC power supply (PowerPac 

1000, Bio-Rad) for 30 minutes at 90 V followed by a further 60 minutes at 120 

V (or until loading dye band reached < 5 mm from end of gel). Gels were 

stained for a minimum of 2 h, followed by a de-staining in water for 12-16 h 

(stain and de-stain detailed in Table 2.14). Gels were imaged using Gel Doc 
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(Bio-Rad). Identity of proteins in excised gel bands was confirmed using mass 

spectrometry analysis (Proteomics international). 

 

2.6 Crystallisation 

2.6.1 Crystallisation screening  

Initial crystallisation screening was carried out using a variety of commercial 

sparse-matrix screens (Index, Crystal 1 and 2, Natrix, and PEG/ion screens, 

Hampton Research), which tested variations in precipitant, pH, salt, and other 

additives. Screens were set up using a Phoenix robot (Art Robbins Scientific) 

fitted with a 96-syringe head and single nano dispenser, in sitting-drop vapour 

diffusion format in 96-well Intelli-plate 96-3 crystallisation trays (Hampton 

Research). Each 96-well plate contained 96 unique crystallisation solutions 

with each well containing 3 individual drops of protein and crystallisation 

solution undergoing vapour diffusion. The 3 drops in each well had different 

protein:crystallisation solution ratios (1:2, 1:1, and 2:1). The total drop volumes 

were either 0.3 µL (for 1:2 and 2:1 ratios) or 0.4 µL (for 1:1 ratio) and the 

diffusion reservoir volume was 70.0 µL. A layer of HD Clear (Duck) tape was 

used to seal the tray immediately after all drops and reservoirs were filled in 

the tray. All trays were assembled and stored in a temperature-controlled room 

at a constant 20 °C where vapour diffusion took place. 

Crystallisation conditions that produced initial crystals were optimised using 

larger drop sizes in 24-well sitting-drop Cryschem plates (Hampton Research), 

either with or without the addition of a crystal seed stock. Drop volumes were 

either 4 µL (2 µL of protein and solution each), 5 µL (2 µL of protein and 

solution each and 1 µL of crystal seed stock), 8 µL (4 µL of protein and solution 

each) or 9 µL (4 µL of protein and solution each and 1 µL crystal seed stock). 

All had a reservoir volume of 450 µL. Wells were sealed using HD Clear (Duck) 

tape and stored in a temperature-controlled room at a constant 20 °C. 
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2.6.2 Observation of crystallisation 

Crystal trays were typically monitored using a BD-60ST stereo microscope 

(Boshida Optical) at 1, 2, 4 and 7 days (then once every additional 7 days) 

from setup. Some trays were selected for automated monitoring using a 

Minstrel HT crystal imaging system with an attached plate gallery storage unit 

(Rigaku) with images taken of each drop at the following times (0, 1, 2, 4, 7 

days, and every subsequent 7 days). Crystals observed using visible light were 

then selected for UV fluorescence measurements. 

 

2.6.3 Creating a crystal micro-seeding stock 

A micro-seeding stock was created by using previously formed crystals. 

Crystals were collected from the crystallisation drop of a crystal tray and 

transferred using a crystal loop (MiTeGen) to a 50 µL aliquot of mother liquor. 

Fine fragmentation of the crystal was achieved using a Seed Bead Kit 

(Hampton Research, PTFE seed type). The resulting stock was stored at 4 °C 

and used to make diluted ‘seeder’ solution, typically at a 1:100 concentration. 

Seeder solutions were added to the crystallisation drops directly after the 

addition to the protein solution and the crystallisation buffer. Typically, a 0.1 

µL amount would be added to the 96 well screening trays or 1 µL would be 

added to larger volume 24-well optimisation trays.   

 

2.6.4 Treating crystals with cryoprotectant solution 

Cryoprotectants were screened for suitability by suspending crystals in each 

cryoprotectant and observing immediate effects on the crystals, freezing in 

liquid nitrogen and observing the freezing and diffraction quality during 

diffraction data collection. Cryoprotectants were selected based on similarity 

with compounds that were within the crystallisation solution to avoid significant 

environmental changes to the crystals during harvesting and cooling. Crystals 

were manipulated using Cryo Loops (nylon loops attached to a pin fixed to a 

magnetic base suitable for mounting on a goniometer, Hampton Research). 

Crystals were individually collected and transferred into a drop of the tested 

cryoprotectant (e.g. glycerol, PEG, glucose or EG mixed with the original 
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crystallisation buffer), placed on a glass cover slip to soak for typically 1-2 

minutes (maximum 5 minutes). During soaking, the suspended crystals were 

observed using a BD-60ST stereo microscope (Boshida Optical). Crystals 

were then removed from the cryoprotectant unless visible defects in the 

crystals or significant evaporation was observed. After soaking, crystals were 

cooled and stored in liquid nitrogen. Concentrations of cryoprotectants were 

optimised over several iterations of crystal-cooling, looking for improved 

diffraction quality across vary concentrations (typically in increments of 5% 

cryoprotectant concentration). Mounted crystals were placed in a transfer puck 

(UniPuck, Crystal Positioning Systems) and transported to the Australian 

Synchrotron in a liquid nitrogen dewar (Taylor Wharton). 

 

2.7 Crystallographic data collection and processing  

2.7.1 X-ray diffraction data collection 

Diffraction data were collected from crystals using the Australian Synchrotron 

MX1 and MX2 beamlines using the Blu-Ice Software (144) under remote or 

on-site user access. Data were automatically processed using XDS with 

POINTLESS (145) and AIMLESS (146) used to determine space group and to 

scale and merge data. Dataset quality and resolution limit was evaluated by 

the signal:noise ratio (I/σ(I) ≥ 1.5) and half-dataset correlation coefficient 

(CC1/2 ≥ 0.3). Diffraction data were routinely reprocessed in-house using 

iMosflm (147) or XDS (148). Following integration, POINTLESS and AIMLESS 

were used to determine probable point/space groups and to merge and scale 

data. Further uses of POINTLESS and AIMLESS were used within the CCP4 

suite(149). 

Collection of anomalous diffraction data required tuning the X-ray wavelength 

to wavelengths close to the X-ray absorption edge of selenium, ~0.9795 Å 

(~12658 eV). ‘Peak’ and ‘inflection point’ wavelengths of selenium were initially 

determined as 0.9793 Å (12,660 eV) and 0.9809 Å (12,640 eV) respectably. 

These peak and inflection point wavelengths were based on theoretical values 

(http://skuld.bmsc.washington.edu/scatter/AS_index.html (150)). MAD (multi 

anomalous diffraction) fluorescence scans carried out at the Australian 

http://skuld.bmsc.washington.edu/scatter/AS_index.html
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Synchrotron on the MX1 beamline determined a selenium peak wavelength of 

0.9636 Å (12,867 eV) and inflection point wavelength of 0.9772 Å (12,688 eV) 

from 6H-QseM with L-selenomenthionine. Remote datasets were collected at 

~500 above or below peak for high (0.9393 Å, 13,200) or low (1.0163 Å, 

12,200). 

2.7.2 Anomalous phasing 

CCP4 suite-hosted SHELX C/D/E (151) and PHASER (152) (153) software 

pipelines were used to calculate phase information either by SAD (single-

wavelength anomalous dispersion) using peak wavelength datasets or MAD 

(multi-wavelength multiple anomalous dispersion) using peak, inflection and 

remote wavelength datasets. SHELX C/D/E was run using default settings with 

a phase solvent content of 0.5 and set to search for 6 unique selenium (Se) 

atoms. PHASER was run using default settings and set to search for 6 unique 

Se atoms with asymmetric unit components defined as a single 6H-QseM 

molecule (specified by input amino-acid sequence file). If the space group was 

chiral, both enantiomorphs were tested. The asymmetric unit composition was 

determined by MATTHEWS (149) using the pre-defined space group and unit 

cell dimensions derived from POINTLESS/AIMLESS. The crystallographic 

reflection files were MTZ formatted files containing either as a single scaled 

and merged peak SeMet dataset for SAD, or as a merged (using the CCP4 

suite, CAD (149)) set containing native, peak, inflection point and/or remote 

SeMet datasets for MAD. These mtz files were the inputs for both SHELX 

C/D/E and PHASER when attempting to solve the phase problem.  

 

2.7.3 Molecular replacement phasing 

Various protein prediction models using ROSETTA, ROBETTA (154, 155) and 

CS-ROSETTA (156-159) and NMR-determined models of 6H-QseM were 

used by PHASER-MR (160) to attempt to successfully solve a crystallographic 

structure of 6H-QseM by molecular replacement to circumvent the necessity 

to solve the phase using anomalous phasing. How these models were 

generated are detailed in Section 2.9.4. All resultant structures were PDB 
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formatted files. The structure PDB and crystallographic MTZ files were 

inputted to PHASER-MR.  

 

2.8 NMR data collection, atom assignment and structure 

calculation: 

2.8.1 Protein sample preparation and handling for NMR 

Expression and purification of 15N- 13C-labelled 6H-QseM for NMR outlined in 

2.5, however, protein was transferred into a minimal salt (Table 2.10) buffer 

during SEC purification. For protein concentration the procedure detailed in 

2.3.5. was followed. In most instances, protein solution was maintained in a 

liquid state at ~ 4 °C or on ice when used within a 24-hour period. For longer-

term storage batches of 500 µL at < 2 mg/mL concentration were frozen using 

liquid nitrogen and stored at -80 °C.   

6H-QseM was freeze-dried prior to transportation or when the water was 

substituted with D2O. Samples with a concentration of 1-2 mg/mL were 

aliquoted into 200-300 µL volumes and frozen in liquid nitrogen. Frozen protein 

was stored in a vacuum container mounted on a lyophilizer (Martin Christ, 

Alpha 3-4 LSCbasic) at room temperature for ~12 h. The lyophilised sample 

was then resuspended in D2O using the same volume of water as the original 

solution to maintain consistent protein and buffer concentration. Each sample 

was spiked with 1% molar ratio 4,4-dimethyl-4-silapentane-1-sulfonic acid 

(DSS) as a chemical shift standard prior to NMR experiments. DSS was used 

as the reference throughout all 6H-QseM NMR experiments to correctly align 

all spectra. All NMR data were processed using TopSpin (Bruker) and 

analysed using the CCPN analysis (Bruker) software. NMR data were 

collected on either a Bruker AVANCE III 600 MHz spectrometer with a room 

temperature TXI probe (Centre for Microscopy, Characterisation & Analysis 

[CMCA], University of Western Australia) or a Bruker AVANCE III 800 MHz 

spectrometer with a cryogenic TCI probe (School of Life and Environmental 

Sciences, University of Sydney).  
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2.8.2 Initial one-dimensional spectra analysis  

Observations of one-dimensional (1D) spectra were used to determine buffer 

suitability and some secondary structure information as well as overall protein 

stability. Ideally, the buffer would not produce any signal except for a heavily 

supressed water peak and the DSS reference peak. The relative concentration 

of amide proton signals either downfield (α-helical, 8.0-9.0 ppm) or upfield (β-

sheet, 4.8-5.9 ppm) gave a general insight into secondary structure 

composition of the protein (161). Range and resolution of chemical shift peaks 

were used to determine protein order, with disorder resulting in reduced 

number of unique chemical shift signals. These 1D spectra were also collected 

after most experiments to ensure that substantial resonance changes were not 

observed between 2D and 3D experiments run on one sample or between all 

6H-QseM samples prepared for NMR data collection.  

 

2.8.3 Single and double labelled QseM NMR spectra collection 

Incorporation of 15N and/or 13C into 6H-QseM was required for most 2D/3D 

NMR experiments (Table 2.15 and Table 2.16). Expression and purification 

are detailed in 2.5. 15N-HSQC experiments were used to measure possible 

resonance shifts during data collection. 

 

Table 2.15: List of NMR experiments run for structure determination 

(required isotope-labelled protein). 

2D experiments 3D experiments 

15N-HSQC HNCACB* 

13C-HSQC CBCA(CO)NH* 

13C-HSQC (aromatic) HNCO 

1H-TOCSY HBHA(CO)NH 

1H-COSY HCCH-TOCSY 

1H-NOESY HCCH-COSY 

15N-HSQC (histidine) 13C-NOESY 

HBCBCGCDHD 13C-NOESY (aromatic) 

HBCBCGCDCEHE 15N-NOESY 

*Only HNCACB and CBCA(CO)NH were collected with non-uniform sampling, 
all others were collected using uniform sampling. 
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Table 2.16: Experimental collection details.  

 

Experiments Spectral Width Data points 

 

Scans 

per T1  

Ref. 

 F1 F2 F3 T1 T2 T3 incremen

t 

 

15N-HSQC 5.6 28.0 - 2048 512 - 1 (162-164) 

15N-HSQC 

(histidine) 

5.7 140.

1 

- 2048 256 - 1 (162, 165) 

13C-HSQC 7.1 70.0 - 2048 512 - 1 (162) 

13C-HSQC 

(aromatic) 

13.

9 

40.0 - 2048 256 - 1 (162) 

1H-TOCSY 13.

9 

13.9 - 2048 512 - 1 (166) 

1H-COSY 13.

9 

13.9 - 2048 512 - 1 (166) 

1H-NOESY 13.

9 

13.9 - 2048 512 - 1 (166) 

HBCBCGCDHD 12.

0 

25.0 - 2048 512 - 1 (167) 

HBCBCGCDCE

HE 

12.

0 

25.0 - 2048 512 - 1 (167) 

HNCACB 6.0 28.0 70.0 512 256 256 16 (168) 

CBCA(CO)NH 6.0 28.0 70.0 512 256 256 16 (168) 

HNCO 6.0 28.0 70.0 512 256 256 16 (168, 169) 

HBHA(CO)NH 6.0 28.0 7.0 512 256 256 16 (170) 

HCCH-TOCSY 12.

0 

70.0 12.0 1024 256 256 32 (171) 

HCCH-COSY 12.

0 

70.0 12.0 1024 256 256 32 (171) 

13C-NOESY 7.5 38.0 7.5 2048 256 512 5 (172) 

13C-NOESY 

(aromatic) 

6.0 30.0 12.0 2048 128 256 4 (172) 

15N-NOESY 5.4 25.0 12.0 2048 128 256 29 (173, 174) 
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2.8.4 Atom assignment 

Protein backbone atom assignment was completed prior to sidechain atom 

assignment. After indexing all possible 15N-HSQC peaks, the 3D 

HNCACB/CACB(CO)NH spectra were used to find the Cα and Cβ chemical 

shifts of preceding residues based on methods outlined in https://www.protein-

nmr.org.uk/solution-nmr/assignment-theory/triple-resonance-backbone-

assignment/. Polypeptide segments were identified using this method enabled 

confident assignment of residue identity and associated H-N peaks found in 

15N-HSQC spectra. The HNCO spectrum was also used to find the 

corresponding C-O backbone resonances linked to assigned N-H peaks. 

Attempts to assign the sidechains began once there was significant 

completion of the 15N-HSQC (>60% of all possible residues of the protein 

sequence, excluding those not found in the HSQC). At this stage only glycine 

residues had complete atom assignment.  

Backbone assignment gave resonance information relating to N-H, C-O, Cα 

and Cβ where possible (proline has no N-H, glycine has no Cβ). Following on 

from this, the HBHA(CO)NH could be used to find the associated Cα/Cβ-

attached protons to enable potential complete atom assignment of all alanine 

residues. HCCH TOCSY/COSY were used for atom assignment beyond the 

C/Hβ. This facilitated potential full atom assignment of cysteine (excluding S-

H group), serine and valine (excluding O-H group), aspartate and glutamate, 

isoleucine, leucine, lysine, proline, arginine and valine residues.  

Through-space coupling methods 1H-NOESY/TOCSY/COSY, 15N-NOESY, 

13C-NOESY and aromatic 13C-NOESY (both requiring an assigned 13C-HSQC) 

were used to assign more difficult atoms. Assignments were guided using like 

Hβ-Hδ/Hε correlation experiments HBCBCGCDHD/HBCBCGCDCEHE and 

histidine-focused HSQC experiments. This enabled the potential assignment 

of the remaining atoms of the phenylalanine, histidine, methionine, glutamine, 

tryptophan and tyrosine residues. 

 

https://www.protein-nmr.org.uk/solution-nmr/assignment-theory/triple-resonance-backbone-assignment/
https://www.protein-nmr.org.uk/solution-nmr/assignment-theory/triple-resonance-backbone-assignment/
https://www.protein-nmr.org.uk/solution-nmr/assignment-theory/triple-resonance-backbone-assignment/
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2.8.5 Dihedral angle calculations 

Dihedral angles were calculated using assigned chemical shift information 

either using DANGLE (175) or through the TALOS+ (176) server packages 

within CCPN Analysis (https://spin.niddk.nih.gov/bax/nmrserver/talos/). 

Dihedral information and secondary structure were predicted using PSIPRED 

(177, 178). TALOS+ and PSIPRED generated a list of dihedral angles where 

backbone assignments were completed and predicted dihedral information in 

regions where backbone assignments were missing. The TALOS+ dihedral 

output was used as a dihedral constraint list in further structure calculations.  

 

2.8.6 Structure calculations  

A preliminary structure calculation of 6H-QseM was made using the calculated 

dihedral angles in the CS-ROSETTA sever. The output provided initial 6H-

QseM models. CYANA (179, 180) was used to run structure calculations. 

CYANA uses through-space NOEs to create distance restraints between pairs 

of protons. CYANA structure calculations were also supplemented with 

dihedral restraints. For CYANA calculations, the peaks, chemical shifts, 

dihedral and sequence information were exported by using the ‘format 

converter utility’ within the CCPN Analysis software. The peak lists were 

exported in CYANA format and the sequence and chemical shifts were 

exported in Xeasy format. The dihedral restraints were exported in TALOS 

format. 

 

2.9 Additional protein characterisation methods.  

2.9.1 Small angle X-ray scattering (SAXS) 

Solution SAXS is a low-resolution structure analysis method using X-ray 

scattering, yielding information on the size and shape of monodisperse 

samples (181). Protein examined by SAXS was expressed, purified and 

concentrated as outlined in 2.5. SAXS data was collected at the Australian 

Synchrotron SAXS/WAXS beamline (182, 183). Data was collected using both 

static capillary and SEC methods (HPLC system, Shimadzu) with assistance 

from Dr. Jason Schmidberger and Dr. Karina Yui Eto. Scattering was collected 

https://spin.niddk.nih.gov/bax/nmrserver/talos/


68 
  

on a 1 M Pilatus detector. Background buffer scattering subtraction was 

automatically completed for all static samples, giving a subtracted DAT 

formatted file list readable by the PRIMUS (184) software. SEC-SAXS data 

was buffer-subtracted using CHROMIXS (185). Quality of data, distance 

distribution and calculated molecular weights was determined within 

PRIMUS/qt and GNOM (ATSAS suite (186)). A low-resolution model was 

calculated using DAMMIN (187). 6H-QseM SAXS scattering profile and 6H-

QseM models (predicted or NMR calculated) were compared using CRYSOL 

(188). 

 

2.9.2 Analytical size exclusion chromatography 

Analytical size exclusion chromatography (SEC) using a GE Superdex 200 

10/300 GL column (GE Healthcare) was used to assess if 6H-QseM and 6H-

MBP-FseA formed a stable complex in solution. The column was mounted on 

an ӒKTA purifier system maintained at a 4 °C. All proteins used were purified 

as detailed in Section 2.5 prior to analytical SEC experiments. Two-hundred 

to five-hundred microlitres of protein sample was used, in cases involving a 

mixture of two proteins, samples were mixed in a 1:1 molar ratio. Protein was 

detected by UV absorbance at 280 nm, absorbances at 260 nm were also 

monitored to detect presence of nucleic acid. A 260:280 nm ratio < 1.0 in a 

single UV peak was interpreted as a protein sample free of significant nucleic 

acid contaminants. Peaks in the 280 nm UV absorbance were collected in 

separate fractions of 500 µL and analysed using SDS-PAGE as detailed in 

Section 2.5.7. 

 

2.9.3 Structural alignment of QseM with other proteins 

The DALI server was used for detection of structurally similar proteins to the 

NMR 6H-QseM model (http://ekhidna2.biocenter.helsinki.fi/dali/) (189). A 

global (‘Heuristic PDB’) search for comparable models in the RCSB PDB used 

with an input model truncated to exclude regions of disorder. The COFACTOR 

alignment algorithm (190, 191) was also used with the same truncated input 

model used for DALI to also search for similar models using default settings. 

http://ekhidna2.biocenter.helsinki.fi/dali/
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2.9.4 de novo protein structure prediction 

Structure predictions using the full 6H-QseM sequence were generated using 

the I-TASSER (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) (192, 193). 

Default settings were used with no additional restraints, structure templates or 

secondary structure information.  ROSETTA-derived protein structure 

prediction was generated using default settings with an input of the 6H-QseM 

amino acid sequence. ROBETTA-derived protein structure prediction was 

generated using default settings with an input of the 6H-QseM amino acid 

sequence and a predicted distance restraint list generated from GREMLIN2 

(194-196) to assist in tertiary structure accuracy. This distance restraints were 

derived from a sequence alignment of proteins within the DUF2285 family, 

which QseM belongs to. The CS-ROSETTA-derived protein structure 

prediction was generated using default settings with an input of the 6H-QseM 

amino acid sequence and an NMR-derived torsion-angle list (detailed in 

chapter 5) to define secondary structure.

https://zhanglab.ccmb.med.umich.edu/I-TASSER/
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3.1 Introduction: 

Recombinant protein expression and purification is necessary for protein 

crystallography and nuclear magnetic resonance experiments (NMR). Protein 

expression is often carried out in a bacterial expression strain transformed with 

an inducible expression vector encoding the desired protein. Over-expression 

using Escherichia coli strains is commonplace for bacterial proteins that 

require no species-specific post-translational modifications. As an example, 

the popular E. coli BL21(DE3) pLysS strain can be used (197), as it is suitable 

for the expression of proteins from pET family vectors which use the T7 

induction system and is selectively induced using Isopropyl β- d-1-

thiogalactopyranoside (IPTG). Protein expression can be adjusted by 

modifying the medium the culture is grown in. For NMR, incorporation of 

nitrogen (15N) and/or carbon (13C) isotopes into the protein is often required 

and is achieved by expression in minimal medium (198) with 15N or 13C 

enriched nitrogen and carbon sources. Similarly, protein expressed with atoms 

that have X-ray absorption edges like selenium for anomalous diffraction 

collection (detailed in chapter 4) can be incorporated by expressing in L-

selenomethionine enriched media.  

Purification of protein post expression requires separation of the desired 

protein from all other cellular material and often transferred to a buffered 

solvent suitable for in vitro experimental methods like crystallography or NMR. 

Nickel-affinity purification of hexahistidine-tagged (6H) proteins is a common 

first step in recombinant protein purification workflows. Fusions with other tags 

like maltose-binding protein (MBP) or glutathione-S-transfer (GST) can 

improve stability or solubility of the desired protein product. MBP and GST also 

offer alternative affinity purification steps. MBP is commonly used to tackle 

expression, solubility and stability difficulties in various protein fusions ranging 

from 20 to 599 amino acids (199-201). Appropriately designed tags can also 

be removed by targeted protease cleavage after their function is no longer 

needed. Enzymes like the tobacco etch virus (TEV) are often used to remove 

N or C terminal fusions after affinity protein purification (202). Size exclusion 

chromatography (SEC) is an orthogonal secondary purification, based on 

molecular size and shape, that yields a high purity protein sample in a desired 
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buffered solvent. The chromatogram from SEC can also provide initial size 

and oligomeric state information on the protein in solution. SEC can also 

identify protein-protein complexes in heterogeneous protein mixtures. 

Analytical SEC is more precise in determining oligomeric state and size of a 

protein sample. 

Prior work demonstrated QseM can be expressed and purified (203). 

Expression and purification methods were optimised for crystallographic and 

NMR experiments. It is also noteworthy that the 6H N-terminal tag fused to 

QseM does not inhibit its ability to bind TraR or FseA in vivo (Will Jowsey and 

Calum Morris, unpublished).  
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3.2 Results and Discussion: 

3.2.1 Purification of QseM and FseA 

QseM was expressed either as a fixed-tagged (6H-QseM) or cleavable 6H-

tagged (6H-TEV-QseM) and L-selenomethionine incorporated (Se-6H-QseM) 

for crystallographic experiments detailed in Chapter 4. Preliminary work to 

express and purify 6H-QseM with and without L-selenomethionine was 

conducted prior to starting this thesis (Drew Hall honours dissertation, 

unpublished). QseM was also expressed with carbon-13 and nitrogen-15 

isotopes (13C/15N-6H-QseM) for single and double-labelled NMR experiments 

detailed in Chapter 5. FseA was expressed as a 6H-MBP-tagged construct 

with a TEV cleavage site for tag removal (6H-MBP-TEV-FseA). Protein 

expression methods are detailed in section 2.5.2. Purification methods are 

detailed in methods 2.5.3 – 2.5.5. Protein analysis by SDS-PAGE detailed in 

methods 2.5.7.  

Purification and SDS-PAGE analysis was done for 6H-QseM (Figure 3.1), Se-

6H-QseM (Figure 3.2), 15N/13C-6H-QseM (Figure 3.3). All target proteins 

eluted from the nickel-affinity column at 530 mM imidazole (as detected by 

significant absorbance at UV280nm) and observed in the corresponding SDS-

PAGE as prominent protein bands at ~10 kDa. This protein band at ~10 kDa 

corresponds with the mass of a 6H-QseM monomer, 10.960 kDa (Table 2.11). 

Although only one peak was observed in the Ni-NTA UV280nm absorbance 

chromatogram, SDS-PAGE analysis revealed additional protein bands 

indicating that Ni-NTA purification alone did not produce a pure sample. The 

subsequent SEC purification of the Ni-NTA-purified elution observed by SDS-

PAGE maintained the 6H-QseM protein band at ~10 kDa and removed almost 

all observable contaminating protein bands expect for one with a molecular 

mass of ~15 kDa. This unidentified band at ~15 kDa may be an artefact since 

both NMR and SAXS of 6H-QseM (detailed in Chapter 5) presented results 

consistent with a homogeneous protein sample. This contaminating band was 

not excised or analysed further. 6H-QseM, Se-6H-QseM and 15N/13C-6H-

QseM eluted at 95 mL volume point of the Superdex 200 16/600 SEC column, 

which is roughly consistent with the manufacturer (GE Healthcare) showing 

ribonuclease A (13 kDa) to elute at 90-100 mL on the same column under 
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similar pressure, temperature and buffer conditions. Calibration with protein 

standards of the SEC column used to purify 6H-QseM was not done, and exact 

molecular mass was only determined by SDS-PAGE during purification.  

Oligomeric state of the protein was later confirmed by both NMR and SAXS 

analysis detailed in chapter 5.  
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Figure 3.1: Purification of 6H-QseM. Ni-NTA affinity purification flow-through 

protein peak [4] and eluted protein peak [5], followed by subsequent SEC 

purification resulting in a single peak [6]. UV280nm absorbance (mAU) 

presented as blue trace and imidazole concentration presented as green trace 

as buffer transitions from 50 mM (0%) to 800 mM (100%) imidazole. UV 

absorbance and imidazole concentration measured across total volume (mL) 

pumped through columns. All protein peak fractions were analysed on SDS-

PAGE with cell lysate [2] and soluble protein fraction [3] against protein 

standard [1]. SEC column void volume [*] is ~40 mL, suspected aggregation 

peak observed at this point. Note that the UV280nm trace for the Ni-NTA has 

been baseline corrected. 
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Figure 3.2: Purification of Se-6H-QseM. Ni-NTA affinity purification flow-

through protein peak [4] and eluted protein peak [5], followed by subsequent 

SEC purification resulting in a single peak [6]. UV280nm absorbance (mAU) 

presented as blue trace and imidazole concentration presented as green trace 

as buffer transitions from 50 mM (0%) to 800 mM (100%) imidazole. UV 

absorbance and imidazole concentration measured across total volume (mL) 

pumped through columns. All protein peak fractions were analysed on SDS-

PAGE with cell lysate [2] and soluble protein fraction [3] against protein 

standard [1]. SEC column void volume [*] is ~40 mL, suspected aggregation 

peak observed at this point. 
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Figure 3.3: Purification of isotope-labelled 6H-QseM. Ni-NTA affinity 

purification flow-through protein peak [4] and eluted protein peak [5], followed 

by subsequent SEC purification resulting in a single peak [6]. UV280nm 

absorbance (mAU) presented as blue trace and imidazole concentration 

presented as green trace as buffer transitions from 50 mM (0%) to 800 mM 

(100%) imidazole. UV absorbance and imidazole concentration measured 

across total volume (mL) pumped through columns. All protein peak fractions 

were analysed on SDS-PAGE with cell lysate [2] and soluble protein fraction 

[3] against protein standard [1]. SEC column void volume [*] is ~40 mL, 

suspected aggregation peak observed at this point.   



78 
  

3.2.2 Purification of untagged QseM 

6H-TEV-QseM was purified identically to 6H-QseM with the addition of a TEV 

digestion (detailed in 2.5.4) and secondary Ni-NTA purification step to remove 

the cleaved 6H tag and any remaining 6H-TEV-QseM prior to SEC (Figure 

3.4). Similar to 6H-QseM, 6H-TEV-QseM protein eluted from the nickel-affinity 

column at 530 mM imidazole and was observed in the corresponding SDS-

PAGE as prominent protein bands at ~10 kDa. This protein band was between 

10 and 15 kDa, consistent with the mass of a 6H-TEV-QseM at 12.704 kDa 

(Table 2.11). Digestion of 6H-TEV-QseM by TEV protease (detailed in 2.5.4) 

produced two protein bands on SDS-PAGE. The two bands from this digestion 

both had masses less than the 6H-TEV-QseM product before digestion, with 

the higher mass band (B1) likely to be QseM and the lower mass band (B2) 

likely to be the 6H-tag. This was further substantiated when a subsequent Ni-

NTA purification step removed B2 but did not remove B1. SEC purification of 

B1 revealed a single peak at 90-105 mL on the SEC UV280nm chromatogram 

and a single protein band at on SDS-PAGE at < 10 kDa, consistent with the 

expected mass of QseM, 9.780 kDa (Table 2.11). The final purified yield of 

QseM was ~5 mg/L of culture. 
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Figure 3.4: Purification of 6H-TEV-QseM. Ni-NTA affinity purification flow-

through protein peak [2] and eluted protein peak [3]. A TEV protease cleaved 

6H-QseM (now untagged) Ni-NTA purified sample [4]. UV280nm absorbance 

(mAU) presented as blue trace and imidazole concentration presented as 

green trace as buffer transitions from 50 mM (0%) to 800 mM (100%) 

imidazole. UV absorbance and imidazole concentration measured across total 

volume (mL) pumped through columns. A secondary Ni-NTA affinity 

purification followed by SEC purification resulting in a single peak [5]. All 

protein peak fractions were analysed on SDS-PAGE against a protein 

standard [1] and the TEV protease sample used for cleavage [6]. SEC column 

void volume [*] is ~40 mL, suspected aggregation peak observed at this point.  
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3.2.3 Purification of 6H-MBP-TEV-FseA 

Previous attempts to purify 6H-tagged FseA have been largely unsuccessful, 

possibly due to instability or insolubility of FseA (Will Jowsey, unpublished). A 

construct expressing FseA as a maltose-binding-protein fusion was therefore 

used in an attempt to increase solubility/stability of FseA. The 6H-MBP-TEV-

FseA was able to be purified, however, within 24 h at 4 °C a significant 

aggregation peak was observed. 6H-MBP-FseA eluted at 11.5 mL volume of 

the Superdex 200 10/300 GL SEC column. An aggregation peak was also 

observed during SEC at 7.5-8.5 mL. Precipitation was observable within 2 h 

when the purified protein sample was stored at room temperature (20-30 °C). 

Purification and subsequent use of the protein was therefore carried out within 

a 24-hour period and, where possible, maintained at 4 °C to minimise loss of 

protein through aggregation or precipitation. 6H-MBP-TEV-FseA observable 

aggregation during SEC was lessened marginally by using a tris or phosphate 

with 100 mM NaCl and 2% v/v glycerol buffered solution that had a pH of 6.5. 

This pH also appeared to extend the time before visible precipitation was 

observed to 24-48 h. 6H-MBP-TEV-FseA was concentrated (2.5.6) to a 

maximum of 10 mg/mL but was diluted to 1-2 mg/mL and rapidly frozen in 

liquid nitrogen prior to storage at -80 °C. To limit potential aggregation and 

precipitation, 6H-MBP-TEV-FseA was thawed on ice and used within 24 h. 

Further purification attempts of 6H-MBP-FseA revealed that it forms a dimer 

in solution (Will Jowsey, unpublished). This fits with the expectation that, like 

other transcriptional activators, FseA may only be stable and function in a 

dimerised state. CD analysis of FseA was not attempted and SAXS data 

collection of FseA failed due to loss of protein by aggregation or degradation 

before X-ray exposure and acquisition could take place. 
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Figure 3.5: Purification of 6H-MBP-TEV-FseA. Ni-NTA affinity purification 

flow-through protein peak [2] and eluted protein peak [3-5] and SEC purified 

final product [6]. UV280nm absorbance (mAU) presented as blue trace and 

imidazole concentration presented as green trace as buffer transitions from 50 

mM (0%) to 800 mM (100%) imidazole. UV absorbance and imidazole 

concentration measured across total volume (mL) pumped through columns. 

All protein peak fractions were analysed on SDS-PAGE against a protein 

standard [1]. SEC column (Superdex S200 10/300 GL, GE Healthcare) void 

volume [*] is ~7.5 mL, suspected aggregation peak observed at this point.  
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A yield of ~6 mg of purified 6H-QseM, Se-6H-QseM and 15N/13C-6H-QseM 

protein was obtained from 1 L of rich (LB) media, whereas a yield of ~4 mg of 

purified 6H-QseM protein was obtained from 1 L of minimal medium (for 

medium composition refer to Table 2.6). This difference was likely attributed 

to reduced cell number and/or nutrient availability of strains grown in minimal 

media. Purified 6H-QseM, Se-6H-QseM and 15N/13C-6H-QseM were 

concentrated (method 2.5.6) to a maximum of 15 mg/mL. For both 

crystallography and NMR experiments, protein concentration was ≤ 10 mg/ml 

(discussed in Chapters 4 and 5). Occasionally, protein was diluted to a 1-2 

mg/ml concentration in 200-500 µL batches, frozen in liquid nitrogen and 

stored at -80 °C. 6H-QseM, Se-6H-QseM and 15N/13C-6H-QseM solubility 

consistently remained soluble at a concentration of ≤ 10 mg/mL in both tris or 

phosphate with 100 mM NaCl and 2% v/v glycerol buffers used in purification 

(Table 2.8 and 2.9) (using methods outlined in 2.5.7) at both room temperature 

and at 4 °C for at least 72 h from purification. 6H-QseM solubility was reduced 

in minimal salt buffer (Table 2.10), whereby precipitation was observed at 

concentrations >8 mg/mL within 24 h from purification. 

 

3.2.4 Confirmation of protein post-purification via mass spectroscopy 

We confirmed protein identity of 6H-QseM and 6H-MBP-TEV-FseA via mass 

spectrometry (as per method 2.5.7). Mass spectrometry results were searched 

using MASCOT (Matrix Science, (204, 205)) (Table 3.1), confirming 6H-QseM 

and 6H-MBP-TEV-FseA presence based on sequence matches created in 

multiple queries and calculated MOWSE (206) probability score (Table 3.2). 

Raw mass spectrometry analysis data shown in Table 3.3 and Table 3.4 
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Table 3.1: Mascot search parameters.  

Search Type MS/MS ion search 

Enzyme Trypsin 

Variable modifications Oxidation (M) 

Mass values Monoisotopic 

Protein mass Unrestricted 

Peptide mass tolerance ± 0.2 Da 

Fragment mass tolerance ± 0.2 Da 

Max missed cleavages 1 

Instrument type ESI-QUAD 

 

 

Table 3.2: Mascot search results for mass spectrometry analysis. 

Protein Matching queries  

(Total number) 

Protein 

score* 

6H-QseM 84 (302) 464 

6H-MBP-TEV-FseA 123 (251) 1859 

*Protein score based on individual query ion scores using MOWSE method 
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Table 3.3: 6H-QseM mass spectrometry analysis data. 

6H-QseM    Mass: 10653    Score: 464    Queries matched: 84   emPAI: 117.68 
    

Query   Observed   Mr(expt)   Mr(calc)    Delta  Miss  Score  Expect  Rank   Peptide Type of search MS/MS Ion Search 
1 314.1603 626.3061 626.3136 -0.0075 0 -9 2.7 1  R.SHLDR.A Enzyme Trypsin 
2 314.1653 626.316 626.3136 0.0023 0 14 0.88 1  R.SHLDR.A Variable modifications Oxidation (M) 
3 314.1653 626.316 626.3136 0.0023 0 -5 6.1 1  R.SHLDR.A Mass values Monoisotopic 
4 318.1787 634.3429 634.3438 -0.001 0 17 0.64 1  K.ELFAR.- Protein Mass Unrestricted 
22 585.7827 1169.551 1169.554 -0.0032 0 65 7.50E-06 1  R.ANWMVTTGYK.E Peptide Mass Tolerance ± 0.2 Da 
23 585.7827 1169.551 1169.554 -0.0032 0 -60 2.40E-05 1  R.ANWMVTTGYK.E Fragment Mass Tolerance ± 0.2 Da 
24 585.7827 1169.551 1169.554 -0.0032 0 -60 2.40E-05 1  R.ANWMVTTGYK.E Max Missed Cleavages 1 
25 585.7827 1169.551 1169.554 -0.0032 0 -59 2.60E-05 1  R.ANWMVTTGYK.E Instrument type ESI-QUAD 
26 593.7809 1185.547 1185.549 -0.0016 0 -47 0.00045 1  R.ANWMVTTGYK.E + Oxidation (M) Number of queries 302 
27 593.7809 1185.547 1185.549 -0.0016 0 -43 0.0013 1  R.ANWMVTTGYK.E + Oxidation (M) 

  

28 593.7809 1185.547 1185.549 -0.0016 0 -45 0.0008 1  R.ANWMVTTGYK.E + Oxidation (M) 
  

29 593.7809 1185.547 1185.549 -0.0016 0 -55 7.60E-05 1  R.ANWMVTTGYK.E + Oxidation (M) 
  

79 893.9474 1785.88 1785.887 -0.0069 1 -79 2.40E-07 1  R.ANWMVTTGYKELFAR.- 
  

80 893.9474 1785.88 1785.887 -0.0069 1 -86 4.20E-08 1  R.ANWMVTTGYKELFAR.- 
  

81 893.9474 1785.88 1785.887 -0.0069 1 -86 4.20E-08 1  R.ANWMVTTGYKELFAR.- 
  

82 596.301 1785.881 1785.887 -0.0059 1 -51 0.00015 1  R.ANWMVTTGYKELFAR.- 
  

83 596.301 1785.881 1785.887 -0.0059 1 -49 0.00025 1  R.ANWMVTTGYKELFAR.- 
  

84 596.301 1785.881 1785.887 -0.0059 1 -49 0.00021 1  R.ANWMVTTGYKELFAR.- 
  

85 596.301 1785.881 1785.887 -0.0059 1 -51 0.00015 1  R.ANWMVTTGYKELFAR.- 
  

86 901.9453 1801.876 1801.882 -0.0061 1 99 2.10E-09 1  R.ANWMVTTGYKELFAR.- + Oxidation (M) 
  

87 901.9453 1801.876 1801.882 -0.0061 1 -83 9.10E-08 1  R.ANWMVTTGYKELFAR.- + Oxidation (M) 
  

88 901.9453 1801.876 1801.882 -0.0061 1 -85 4.80E-08 1  R.ANWMVTTGYKELFAR.- + Oxidation (M) 
  

89 601.6344 1801.881 1801.882 -0.0007 1 -51 0.00014 1  R.ANWMVTTGYKELFAR.- + Oxidation (M) 
  

90 601.6344 1801.881 1801.882 -0.0007 1 -67 3.30E-06 1  R.ANWMVTTGYKELFAR.- + Oxidation (M) 
  

91 601.6344 1801.881 1801.882 -0.0007 1 -54 7.40E-05 1  R.ANWMVTTGYKELFAR.- + Oxidation (M) 
  

92 601.6344 1801.881 1801.882 -0.0007 1 -56 3.80E-05 1  R.ANWMVTTGYKELFAR.- + Oxidation (M) 
  

167 1338.125 2674.235 2674.247 -0.0119 0 -5 3.1 1  R.LLDASADDASEDEMAQLVLGIDPMR.E 
  

168 892.4209 2674.241 2674.247 -0.0058 0 57 2.20E-05 1  R.LLDASADDASEDEMAQLVLGIDPMR.E 
  

177 972.77 2915.288 2915.307 -0.0192 0 41 0.00059 1  K.VQDEVPWSDSLTAYDNEHFTIYMR.L 
  

178 972.77 2915.288 2915.307 -0.0192 0 -26 0.017 1  K.VQDEVPWSDSLTAYDNEHFTIYMR.L 
  

179 972.77 2915.288 2915.307 -0.0192 0 -36 0.0017 1  K.VQDEVPWSDSLTAYDNEHFTIYMR.L 
  

182 972.77 2915.288 2915.307 -0.0192 0 -33 0.0036 1  K.VQDEVPWSDSLTAYDNEHFTIYMR.L 
  

183 978.107 2931.299 2931.302 -0.0031 0 -32 0.0049 1  K.VQDEVPWSDSLTAYDNEHFTIYMR.L + 

Oxidation (M) 

  

184 978.107 2931.299 2931.302 -0.0031 0 -16 0.19 1  K.VQDEVPWSDSLTAYDNEHFTIYMR.L + 

Oxidation (M) 

  

185 761.8557 3043.394 3043.402 -0.0086 1 -71 5.10E-07 1  R.KVQDEVPWSDSLTAYDNEHFTIYMR.L 
  

186 761.8557 3043.394 3043.402 -0.0086 1 -66 1.60E-06 1  R.KVQDEVPWSDSLTAYDNEHFTIYMR.L 
  

187 761.8557 3043.394 3043.402 -0.0086 1 72 3.70E-07 1  R.KVQDEVPWSDSLTAYDNEHFTIYMR.L 
  

188 761.8557 3043.394 3043.402 -0.0086 1 -66 1.40E-06 1  R.KVQDEVPWSDSLTAYDNEHFTIYMR.L 
  

189 761.8557 3043.394 3043.402 -0.0086 1 -13 0.32 1  R.KVQDEVPWSDSLTAYDNEHFTIYMR.L 
  

190 761.8557 3043.394 3043.402 -0.0086 1 -7 1.3 1  R.KVQDEVPWSDSLTAYDNEHFTIYMR.L 
  

191 761.8557 3043.394 3043.402 -0.0086 1 -6 1.6 1  R.KVQDEVPWSDSLTAYDNEHFTIYMR.L 
  

192 761.8557 3043.394 3043.402 -0.0086 1 -19 0.075 1  R.KVQDEVPWSDSLTAYDNEHFTIYMR.L 
  

193 761.8557 3043.394 3043.402 -0.0086 1 -23 0.034 1  R.KVQDEVPWSDSLTAYDNEHFTIYMR.L 
  



85 
  

 

 

Table 3.4: 6H-MBP-TEV-FseA mass spectrometry analysis data. 

6H-MBP-TEV-FseA    Mass: 75171    Score: 1859    Queries matched: 123   emPAI: 5.02 

Query   Observed   Mr(expt)   Mr(calc)    Delta  Miss  Score  Expect  Rank   Peptide Type of search MS/MS Ion Search 
8   435.2290   868.4434   868.4443   -0.0009  1   21   0.19  1    R.GYRDFLV.- Enzyme Trypsin 
9   435.2290   868.4434   868.4443   -0.0009  1   (21)  0.2  1    R.GYRDFLV.- Variable modifications Oxidation (M) 
10   435.2290   868.4434   868.4443   -0.0009  1   (21)  0.2  1    R.GYRDFLV.- Mass values Monoisotopic 
11   435.2290   868.4434   868.4443   -0.0009  1   (21)  0.19  1    R.GYRDFLV.- Protein Mass Unrestricted 
19   447.2570   892.4995   892.5018   -0.0023  0   (33)  0.015  1    K.DLLPNPPK.T Peptide Mass Tolerance ± 0.2 Da 
20   447.2570   892.4995   892.5018   -0.0023  0   34   0.011  1    K.DLLPNPPK.T Fragment Mass Tolerance ± 0.2 Da 
24   473.2243   944.4341   944.4563   -0.0223  0   (5)  10  1    K.DVGVDNAGAK.A Max Missed Cleavages 1 
25   473.2339   944.4533   944.4563   -0.0030  0   10   3.1  1    K.DVGVDNAGAK.A Instrument type ESI-QUAD 
26   473.2339   944.4533   944.4563   -0.0030  0   (5)  11  1    K.DVGVDNAGAK.A Number of queries 302 

28   480.2658   958.5171   958.5196   -0.0025  0   (23)  0.14  1    R.TAVINAASGR.Q   
29   480.2658   958.5171   958.5196   -0.0025  0   39   0.0039  1    R.TAVINAASGR.Q   
30   480.2658   958.5171   958.5196   -0.0025  0   (38)  0.0052  1    R.TAVINAASGR.Q   
31   480.2658   958.5171   958.5196   -0.0025  0   (12)  2.1  1    R.TAVINAASGR.Q   
34   493.7931   985.5717   985.5742   -0.0026  0   (33)  0.014  1    R.QIAMALLAR.Q   
35   493.7931   985.5717   985.5742   -0.0026  0   34   0.013  1    R.QIAMALLAR.Q   
36   501.7910   1001.5675   1001.5692   -0.0017  0   (28)  0.053  1    R.QIAMALLAR.Q + Oxidation (M)   
37   501.7910   1001.5675   1001.5692   -0.0017  0   (28)  0.047  1    R.QIAMALLAR.Q + Oxidation (M)   
38   501.7910   1001.5675   1001.5692   -0.0017  0   (31)  0.024  1    R.QIAMALLAR.Q + Oxidation (M)   
39   339.1693   1014.4861   1014.4851   0.0010  1   1   25  1    R.RGHMLMDR.G   
40   509.7697   1017.5248   1017.5277   -0.0029  0   (54)  0.00013  1    R.AALMITADGR.Q   
41   509.7697   1017.5248   1017.5277   -0.0029  0   55   0.00013  1    R.AALMITADGR.Q   
44   538.7699   1075.5252   1075.5332   -0.0079  0   18   0.45  1    R.IAATMENAQK.G   
45   538.7699   1075.5252   1075.5332   -0.0079  0   (8)  4.9  1    R.IAATMENAQK.G   
46   538.7699   1075.5252   1075.5332   -0.0079  0   (13)  1.5  1    R.IAATMENAQK.G   
50   595.3609   1188.7073   1188.7118   -0.0045  0   64   1e-005  1    K.AGLTFLVDLIK.N   
51   595.3609   1188.7073   1188.7118   -0.0045  0   (51)  0.00023  1    K.AGLTFLVDLIK.N   
52   595.3609   1188.7073   1188.7118   -0.0045  0   (57)  5.8e-005  1    K.AGLTFLVDLIK.N   
53   595.3609   1188.7073   1188.7118   -0.0045  0   (37)  0.0048  1    K.AGLTFLVDLIK.N   
55   601.3064   1200.5983   1200.6026   -0.0043  0   52   0.00014  1    K.TWEEIPALDK.E   
56   601.3064   1200.5983   1200.6026   -0.0043  0   (19)  0.32  1    K.TWEEIPALDK.E   
57   610.8179   1219.6213   1219.6250   -0.0038  1   27   0.056  1    R.RGWAWEFLR.R   
58   610.8179   1219.6213   1219.6250   -0.0038  1   (25)  0.074  1    R.RGWAWEFLR.R   
59   621.8251   1241.6356   1241.6404   -0.0048  0   68   4.1e-006  1    R.LSVDAIWPADR.M   

194 761.8557 3043.394 3043.402 -0.0086 1 -17 0.13 1  R.KVQDEVPWSDSLTAYDNEHFTIYMR.L 
  

195 761.8557 3043.394 3043.402 -0.0086 1 -7 1.4 1  R.KVQDEVPWSDSLTAYDNEHFTIYMR.L 
  

196 761.8557 3043.394 3043.402 -0.0086 1 -5 2 1  R.KVQDEVPWSDSLTAYDNEHFTIYMR.L 
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60   621.8251   1241.6356   1241.6404   -0.0048  0   (68)  4.2e-006  1    R.LSVDAIWPADR.M   
63   634.3257   1266.6369   1266.6397   -0.0028  0   (35)  0.0079  1    K.LYPFTWDAVR.Y   
64   634.3257   1266.6369   1266.6397   -0.0028  0   35   0.0079  1    K.LYPFTWDAVR.Y   
68   437.2124   1308.6154   1308.6211   -0.0057  0   19   0.31  1    R.HALEHAEFAER.W   
69   437.2124   1308.6154   1308.6211   -0.0057  0   (13)  1.2  1    R.HALEHAEFAER.W   
70   437.2124   1308.6154   1308.6211   -0.0057  0   (5)  7.6  2    R.HALEHAEFAER.W   
71   668.8206   1335.6267   1335.6306   -0.0039  1   (39)  0.0025  1    K.SYEEELAKDPR.I   
72   668.8206   1335.6267   1335.6306   -0.0039  1   41   0.0019  1    K.SYEEELAKDPR.I   
73   668.8206   1335.6267   1335.6306   -0.0039  1   (39)  0.0026  1    K.SYEEELAKDPR.I   
74   668.8206   1335.6267   1335.6306   -0.0039  1   (10)  2.2  1    K.SYEEELAKDPR.I   
75   446.2173   1335.6301   1335.6306   -0.0005  1   (15)  0.74  1    K.SYEEELAKDPR.I   
76   446.2173   1335.6301   1335.6306   -0.0005  1   (23)  0.12  1    K.SYEEELAKDPR.I   
77   446.2173   1335.6301   1335.6306   -0.0005  1   (24)  0.096  1    K.SYEEELAKDPR.I   
78   446.2173   1335.6301   1335.6306   -0.0005  1   (17)  0.48  1    K.SYEEELAKDPR.I   
80   669.3740   1336.7334   1336.7391   -0.0057  0   104   8.9e-010  1    K.VNYGVTVLPTFK.G   
81   669.3740   1336.7334   1336.7391   -0.0057  0   (89)  2.6e-008  1    K.VNYGVTVLPTFK.G   
82   669.3740   1336.7334   1336.7391   -0.0057  0   (90)  2.5e-008  1    K.VNYGVTVLPTFK.G   
84   446.5855   1336.7346   1336.7391   -0.0045  0   (5)  7.2  1    K.VNYGVTVLPTFK.G   
91   710.3748   1418.7350   1418.7405   -0.0056  0   (85)  7.5e-008  1    K.ALSPETLSFDLAR.L   
92   710.3748   1418.7350   1418.7405   -0.0056  0   85   7.2e-008  1    K.ALSPETLSFDLAR.L   
93   475.2491   1422.7255   1422.7354   -0.0099  1   6   4.9  1    K.VTVEHPDKLEEK.F   
97   716.4299   1430.8452   1430.8497   -0.0045  1   (38)  0.0031  1    K.AGLTFLVDLIKNK.H   
98   716.4299   1430.8452   1430.8497   -0.0045  1   (77)  4.4e-007  1    K.AGLTFLVDLIKNK.H   
99   716.4299   1430.8452   1430.8497   -0.0045  1   77   4.4e-007  1    K.AGLTFLVDLIKNK.H   
100   716.4299   1430.8452   1430.8497   -0.0045  1   (50)  0.00024  1    K.AGLTFLVDLIKNK.H   
101   477.9557   1430.8453   1430.8497   -0.0044  1   (49)  0.00025  1    K.AGLTFLVDLIKNK.H   
102   477.9557   1430.8453   1430.8497   -0.0044  1   (52)  0.00013  1    K.AGLTFLVDLIKNK.H   
103   477.9557   1430.8453   1430.8497   -0.0044  1   (49)  0.00026  1    K.AGLTFLVDLIKNK.H   
104   477.9557   1430.8453   1430.8497   -0.0044  1   (1)  16  1    K.AGLTFLVDLIKNK.H   
109   536.6038   1606.7896   1606.7964   -0.0068  1   25   0.066  1    R.VQADWTDPRNHLR.D   
110   402.7050   1606.7910   1606.7964   -0.0055  1   (25)  0.069  1    R.VQADWTDPRNHLR.D   
111   543.2884   1626.8434   1626.8478   -0.0044  0   (82)  1.2e-007  1    R.FVLQALDGSLGGASHR.Q   
112   543.2884   1626.8434   1626.8478   -0.0044  0   (81)  1.7e-007  1    R.FVLQALDGSLGGASHR.Q   
113   543.2884   1626.8434   1626.8478   -0.0044  0   95   6.3e-009  1    R.FVLQALDGSLGGASHR.Q   
114   543.2884   1626.8434   1626.8478   -0.0044  0   (76)  5.4e-007  1    R.FVLQALDGSLGGASHR.Q   
120   598.3446   1792.0120   1792.0207   -0.0087  0   37   0.0036  1    R.DLQLVVEGAEVLRPVR.L   
121   897.0135   1792.0124   1792.0207   -0.0083  0   (28)  0.028  1    R.DLQLVVEGAEVLRPVR.L   
122   619.6478   1855.9216   1855.9257   -0.0042  1   60   1.9e-005  1    K.AFQDKLYPFTWDAVR.Y   
123   619.6478   1855.9216   1855.9257   -0.0042  1   (44)  0.00076  1    K.AFQDKLYPFTWDAVR.Y   
133   631.0343   1890.0809   1890.0866   -0.0056  0   95   4.1e-009  1    K.LIAYPIAVEALSLIYNK.D   
134   631.0343   1890.0809   1890.0866   -0.0056  0   (82)  7.2e-008  1    K.LIAYPIAVEALSLIYNK.D   
135   631.0343   1890.0809   1890.0866   -0.0056  0   (61)  9.2e-006  1    K.LIAYPIAVEALSLIYNK.D   
136   631.0343   1890.0809   1890.0866   -0.0056  0   (55)  4.3e-005  1    K.LIAYPIAVEALSLIYNK.D   
137   946.0479   1890.0813   1890.0866   -0.0052  0   (49)  0.00015  1    K.LIAYPIAVEALSLIYNK.D   
138   946.0479   1890.0813   1890.0866   -0.0052  0   (56)  2.9e-005  1    K.LIAYPIAVEALSLIYNK.D   
139   946.0479   1890.0813   1890.0866   -0.0052  0   (34)  0.0052  1    K.LIAYPIAVEALSLIYNK.D   
140   946.0479   1890.0813   1890.0866   -0.0052  0   (3)  6.2  1    K.LIAYPIAVEALSLIYNK.D   
141   475.0134   1896.0244   1896.0330   -0.0086  1   (56)  4e-005  1    R.LRFVLQALDGSLGGASHR.Q   
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142   633.0156   1896.0250   1896.0330   -0.0079  1   73   7.5e-007  1    R.LRFVLQALDGSLGGASHR.Q   
143   633.2844   1896.8314   1896.8312   0.0003  0   68   2.5e-006  1    K.HMNADTDYSIAEAAFNK.G   
148   682.7050   2045.0932   2045.0946   -0.0013  1   41   0.0011  1    K.LVIWINGDKGYNGLAEVGK.K   
150   1049.0198   2096.0250   2096.0313   -0.0063  0   72   8.6e-007  1    K.EFLENYLLTDEGLEAVNK.D   
151   1049.0198   2096.0250   2096.0313   -0.0063  0   (64)  5.3e-006  1    K.EFLENYLLTDEGLEAVNK.D   
153   1058.5825   2115.1505   2115.1576   -0.0071  1   (22)  0.094  1    K.DVGVDNAGAKAGLTFLVDLIK.N   
154   706.0583   2115.1531   2115.1576   -0.0045  1   (59)  1.8e-005  1    K.DVGVDNAGAKAGLTFLVDLIK.N   
155   706.0583   2115.1531   2115.1576   -0.0045  1   60   1.3e-005  1    K.DVGVDNAGAKAGLTFLVDLIK.N   
156   706.0583   2115.1531   2115.1576   -0.0045  1   (7)  2.6  1    K.DVGVDNAGAKAGLTFLVDLIK.N   
157   713.7215   2138.1425   2138.1484   -0.0059  0   (90)  1.4e-008  1    K.GQPSKPFVGVLSAGINAASPNK.E   
158   713.7215   2138.1425   2138.1484   -0.0059  0   90   1.3e-008  1    K.GQPSKPFVGVLSAGINAASPNK.E   
159   713.7215   2138.1425   2138.1484   -0.0059  0   (77)  2.7e-007  1    K.GQPSKPFVGVLSAGINAASPNK.E   
160   713.7215   2138.1425   2138.1484   -0.0059  0   (90)  1.4e-008  1    K.GQPSKPFVGVLSAGINAASPNK.E   
161   1071.5092   2141.0038   2141.0074   -0.0036  0   49   0.00019  1    K.GEIMPNIPQMSAFWYAVR.T + 2 Oxidation (M)  
166   568.5704   2270.2526   2270.2607   -0.0081  1   31   0.0076  1    R.NAHRDLQLVVEGAEVLRPVR.L   
171   785.1067   2352.2982   2352.3092   -0.0110  1   27   0.018  1    R.YNGKLIAYPIAVEALSLIYNK.D   
176   592.7989   2367.1665   2367.1760   -0.0095  1   31   0.009  1    R.HALEHAEFAERWFEVELVR.S   
182   645.8569   2579.3985   2579.4071   -0.0086  1   44   0.00039  1    K.GQPSKPFVGVLSAGINAASPNKELAK.E  
183   645.8569   2579.3985   2579.4071   -0.0086  1   (36)  0.0022  1    K.GQPSKPFVGVLSAGINAASPNKELAK.E  
187   922.5308   2764.5707   2764.5778   -0.0071  1   (13)  0.27  1    K.LIAYPIAVEALSLIYNKDLLPNPPK.T   
188   922.5308   2764.5707   2764.5778   -0.0071  1   (47)  9.4e-005  1    K.LIAYPIAVEALSLIYNKDLLPNPPK.T   
189   922.5308   2764.5707   2764.5778   -0.0071  1   (46)  0.00012  1    K.LIAYPIAVEALSLIYNKDLLPNPPK.T   
190   922.5308   2764.5707   2764.5778   -0.0071  1   (47)  9.1e-005  1    K.LIAYPIAVEALSLIYNKDLLPNPPK.T   
191   692.1503   2764.5721   2764.5778   -0.0058  1   (49)  6.9e-005  1    K.LIAYPIAVEALSLIYNKDLLPNPPK.T   
192   692.1503   2764.5721   2764.5778   -0.0058  1   (39)  0.00056  1    K.LIAYPIAVEALSLIYNKDLLPNPPK.T   
193   692.1503   2764.5721   2764.5778   -0.0058  1   53   2.5e-005  1    K.LIAYPIAVEALSLIYNKDLLPNPPK.T   
194   754.9158   3015.6342   3015.6505   -0.0163  1   4   2.2  1    R.DLQLVVEGAEVLRPVRLSVDAIWPADR.M  
195   1017.5132   3049.5179   3049.5266   -0.0087  1   (11)  0.6  1    K.GEIMPNIPQMSAFWYAVRTAVINAASGR.Q  
196   1017.5132   3049.5179   3049.5266   -0.0087  1   (6)  1.6  1    K.GEIMPNIPQMSAFWYAVRTAVINAASGR.Q  
197   1017.5132   3049.5179   3049.5266   -0.0087  1   (17)  0.15  1    K.GEIMPNIPQMSAFWYAVRTAVINAASGR.Q  
198   763.3873   3049.5202   3049.5266   -0.0064  1   25   0.022  1    K.GEIMPNIPQMSAFWYAVRTAVINAASGR.Q  
199   1022.8458   3065.5156   3065.5215   -0.0059  1   (4)  2.7  1    K.GEIMPNIPQMSAFWYAVRTAVINAASGR.Q + Oxidation (M)  
200   1022.8458   3065.5156   3065.5215   -0.0059  1   (11)  0.53  1    K.GEIMPNIPQMSAFWYAVRTAVINAASGR.Q + Oxidation (M)  
202   1028.1757   3081.5051   3081.5164   -0.0113  1   (6)  2  1    K.GEIMPNIPQMSAFWYAVRTAVINAASGR.Q + 2 Oxidation (M)  
203   773.1631   3088.6232   3088.6332   -0.0099  1   (36)  0.0017  1    K.EFLENYLLTDEGLEAVNKDKPLGAVALK.S  
204   773.1631   3088.6232   3088.6332   -0.0099  1   (37)  0.0013  1    K.EFLENYLLTDEGLEAVNKDKPLGAVALK.S  
205   773.1631   3088.6232   3088.6332   -0.0099  1   (50)  6.1e-005  1    K.EFLENYLLTDEGLEAVNKDKPLGAVALK.S  
206   773.1631   3088.6232   3088.6332   -0.0099  1   (8)  1.2  1    K.EFLENYLLTDEGLEAVNKDKPLGAVALK.S  
207   1030.5485   3088.6238   3088.6332   -0.0094  1   58   1.2e-005  1    K.EFLENYLLTDEGLEAVNKDKPLGAVALK.S  
208   1030.5485   3088.6238   3088.6332   -0.0094  1   (56)  1.7e-005  1    K.EFLENYLLTDEGLEAVNKDKPLGAVALK.S  
209   1030.5485   3088.6238   3088.6332   -0.0094  1   (42)  0.00041  1    K.EFLENYLLTDEGLEAVNKDKPLGAVALK.S  
211   1056.5211   3166.5415   3166.5402   0.0014  1   34   0.0026  1    R.IAATMENAQKGEIMPNIPQMSAFWYAVR.T  
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3.3 Conclusions 

Prior experimentation showed that the N-terminal fused 6H tag did not appear 

to affect QseM activity in vivo (Calum Morris, unpublished). We concluded that 

if QseM’s function was not impacted by the presence of the N-terminal tag 

then the 6H-QseM structure would be similar to native QseM. We found 

purified 6H-QseM, Se-6H-QseM and 15N/13C-6H-QseM remained soluble at 10 

mg/mL in tris or phosphate with 100 mM NaCl and 2% v/v glycerol buffered 

solutions at pH 7 – 8 at room temperature, 4 °C or frozen and stored at -80 °C. 

No observable precipitation was detected. 

We also purified an untagged TEV-cleavable variant of QseM. Tobacco etch 

virus (TEV) protease digestion removed the 6H tag from 6H-TEV-QseM, 

leaving a single N-terminal serine attached to the native QseM amino acid 

sequence. It is possible that the cleaved QseM protein may have reduced 

stability or solubility compared to the 6H-QseM since a proportionally larger 

aggregation peak to soluble peak was observed during SEC for QseM, 

however, solubility or stability for QseM were not further investigated.  

6H-MBP-TEV-FseA was also purified by nickel-affinity and SEC. We were only 

able to purify FseA in SDS-PAGE observable quantities when fused to an MPB 

tag. Precipitation of 6H-MBP-TEV-FseA was observed visually following 

purification and a substantial proportion of the protein was observed as 

aggregate in SEC. This suggests 6H-MPB-TEV-FseA may be unstable and 

prone to degradation and/or aggregation. Solubility and protein stability were 

not explicitly examined for 6H-MBP-TEV-FseA. We concluded that 

precipitation and/or aggregation were the most likely factors that lessened total 

purification yield of 6H-MBP-TEV-FseA. Crystallisation screens were 

completed immediately after purification and before precipitation was 

observed (discussed in Chapter 4). Further investigation is required to 

determine a variant or formulation of FseA that is less prone to aggregation 

and precipitation that would be more suitable in future in vitro experiments. 

This investigation would likely include small scale purification to optimise 

method and buffer against FseA variants. 
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Chapter 4: 

Structural analysis via  

X-ray crystallography 
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4.1 Introduction: 

The DUF2285 domain is often located in small (<150 residues) proteins, with 

it being the only recognised domain present in the protein, often comprising 

most of the amino acid sequence. Some proteins (~10% of proteins 

characterised with DUF2285 in PFAM) also contain a second uncharacterised 

DUF6499 domain (PFAM).  

DUF2285 and DUF6499 are almost exclusive to the Alphaproteobacteria 

phylum, with both predominantly found in either Rhizobiaceae or 

Sphingomonadaceae families. Until recently, QseM and homologous of it are 

the only annotated proteins that have the DUF2285 domain, including the C-

terminus half of FseA (Msi171) (130) (134).  

There is an association with DUF2285, and QS systems given that QseM 

homologous are found near QS proteins like TraR/TraI and homologous 

thereof, often all being present on mobile genetic elements. Additionally, a 

DUF2285 domain containing protein has been implicated to have a role in QS 

regulation of the type VI secretion system of Yersinia pseudotuberculosis, one 

of the rare instances DUF2285 is found outside of Alphaproteobacteria (207). 

This Y. pseudotuberculosis YPIII expresses a protein called RovC which 

contains the DUF2285 domain. Only recently a structure was solved for the 

RovC protein (208), revealing it to function as a hexameric transcription factor 

that promotes the expression of T6SS4. The C-terminus 181-247 residues of 

RovC which are form the DUF2285 domain fold into 4 alpha-helices, distinctly 

resembling a HTH motif.  

The structure of RovC presents the DUF2285 domain as a HTH motif and 

directly interacts with DNA to promote gene transcription. This closely 

resembles FseA since it is of similar size (30 kDa) and function. QseM appears 

distinctly different in that it does not seem to bind DNA and only interacts with 

FseA. There is a possibility that structural variance of the DUF2285 domain 

may be responsible for these distinctly different functions which may be 

elucidated by structure determination of QseM.  
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X-ray crystallography is a gold-standard method to determine 3D arrangement 

of atoms within a molecule, in a repeating lattice, such as a crystal.  X-ray 

crystallography has been used for over a century to solve the structure of small 

biomolecules and the first protein structures were resolved in the late 1950s 

(209, 210). The method relies on X-ray waves being scattered in distinct ways 

by an object such as a crystalline body. Crystals are made up of a repeating 

pattern of identical molecules and this lattice of ordered molecules cause X-

rays to be diffracted into specific directions (“reflections”) which can be 

measured by highly sensitive photon detectors. The intensity and position of 

these diffracted reflections are collected and measured, which together with 

the phase information, allow obtaining the electron density map and ultimately 

the three-dimensional structure of the protein under investigation.  In protein 

X-ray crystallography it is this electron density map that is used along with 

information about the protein’s primary structure, to create a completed 

structure, with resolution high enough to give atom-level detail (211-213). 

Protein crystallisation was first observed around 1840 (214), scientifically 

investigated in the 1880s (215) but became critically associated with 

determining the atomic structure of macromolecules in the 1930s (216) after 

the characterisation of X-ray crystal diffraction (217, 218). In 1960 the first 

protein crystal structure was published. Protein crystallisation presented a 

significant obstacle to the types of proteins that could be investigated through 

X-ray diffraction, however, development of methods (219) to improve protein 

crystallisation over the past 50 years has paved the way to solve more than 

160,000 structures currently in the Protein Data Bank (PDB) by X-ray 

crystallography as of 2021 (220). These methods often work by mixing a 

purified protein sample with a crystallisation solution and sealed in a chamber 

with a higher concentration crystallisation solution and due to vapour diffusion, 

the protein begins to slowly come out of solution into an ordered, repeating 

pattern, thus forming a crystal. The crystallisation solution requires a mixture 

of various precipitants, buffers, and salts. When this process of crystallisation 

is successful, many trillions of copies of the protein will be arranged in a 

repeating 3D crystal lattice, with individual crystals being large enough to be 

observed under a light microscope. Typically, a set of uniform crystals are 
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used in a single crystallisation experiment. Crystals are harvested by manually 

“scooping” them from a crystallisation drop using a small nylon loop mounted 

on a pin. Often these crystals are transferred to a cryoprotectant solution prior 

to submerging in liquid nitrogen to limit ice formation during cryocooling. Poorly 

cooled crystals often form ice crystals within the protein crystal, resulting in 

damage that translates to poor diffraction data. Additionally, excessive ice 

formation can obscure the protein crystal, potentially hindering positioning the 

crystal in the beamline. Poorly positioned crystals may rotate out of the 

beamline during data collection creating incomplete datasets.    

After crystals are mounted and cryocooled, they are transferred to an X-ray 

source (typically at a synchrotron) to be exposed to a focused X-ray beam for 

small periods of time. The photon detector is located behind the crystal and 

during exposure it records diffracted beams traveling from the crystal. During 

each exposure the crystal is rotated by a small angle (1° or less) before 

another exposure is made. Depending on the symmetry of the crystal, a larger 

or smaller wedge of data is necessary to ensure a complete dataset is 

captured. For the lowest possible symmetry (triclinic) 180° of data is required 

for standard data, and 360° for anomalous data. Radiation damage will 

accumulate as multiple exposures take place through a common plane in a 

crystal. Excessive radiation damage will reduce the quality of diffraction data 

and is a limiting factor for number of complete datasets that can be collected.  

It is specifically because of this damage that cooling and maintaining the 

crystal at low temperatures (typically at 100K) and using multiple crystals is 

common practice for any protein X-ray crystallography experiment.  

After diffraction data collection the unit cell is determined and the diffraction 

images are processed into a single file that contains all the information about 

each diffraction point, including its Miller indices, reflection intensity and the 

error in this intensity and finally, space group parameters are determined. 

These initial pieces of information are essential to describe the number and 

orientation of molecules that exist in the asymmetric unit.  

Further processing and computation, or further experimentation is required to 

obtain phase information, which cannot be collected directly during diffraction 
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as only structure factor amplitudes can be derived from the experiment. The 

phase component of the structure factors is required for calculating electron 

density map. Molecular replacement is a common method used for 

determining phase information, but it requires a model of a protein of similar 

structure. However, since no model existed for QseM or any other DUF2285-

domain protein at the time of this work, phase information was measured 

experimentally. Phase information can be experimentally measured using 

anomalous diffraction from atoms that can absorb X-ray radiation which are 

incorporated into the crystal. When diffraction data is collected with X-rays 

close to the absorption edge of an element present in the crystal, the 

intensities of reflections are altered slightly in an effect called anomalous 

diffraction. In this experiment, the structure factor amplitudes of pairs of 

reflections which would be identical in a normal experiment are now slightly 

different, and these differences encode information about the positions of the 

anomalously scattering atoms in the crystal lattice. These positions can be 

used to derive phases, which can be combined with the diffraction structure 

factor amplitudes to generate an electron density map. Incorporation of 

anomalous scattering atoms can be achieved post crystallisation using heavy 

atom ‘soaking’ (221) or, a more convenient and less invasive approach, is by 

expressing the protein in a defined minimal medium that facilitates the 

incorporation of the non-standard amino acid L-selenomethionine in lieu of 

sulfur-containing L-methionine (222, 223). The selenium atom of L-

selenomethionine has an X-ray absorption edge at 12.66 keV which is in the 

useful range for diffraction experiments. The crystallographic structures of 

Agrobacterium tumefaciens TraR and TraM were solved this way (102, 224).  
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4.2 Results and Discussion: 

4.2.1 Observation of crystallisation 

Crystallisation screens using 6H-QseM in tris with 100 mM NaCl and 2% v/v 

glycerol buffer were carried out using the Hampton Research Index screen 

along with ‘Crystal 1’ and ‘Crystal 2’, ‘PEG/ion’ and ‘Natrix’ screens (2.6.1). 

Initial crystallisation screening led to the identification of 2 conditions exhibiting 

crystal formation (Figure 4.1). However, examination under UV radiation 

indicated they were likely salt crystals. The initial screens were carried out in 

a phosphate buffer (PBS buffer A in Table 2.8) and phosphate is known to 

rapidly crystallise with divalent cations such as Zn2+. The phosphate-based 

buffer was exchanged with a tris-based one during SEC of QseM (Table 2.9). 

Subsequent crystallisation attempts did not appear to produce the salt crystals 

observed in PBS buffer. 
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Figure 4.1: Attempts to crystallise 6H-QseM in PBS buffer. (A) Visible light 

image showing circular structures in 0.05 M Zinc Acetate di-hydrate and 20% 

polyethylene glycol 3350 and (B) its UV florescence equivalent. (C) Visible 

light image showing star shaped non-uniformed crystals and heavy 

precipitation in Tacsimate TM (Hampton research) at a pH 7.0 and (D) its UV 

fluorescence equivalent. Fluorescence was observed only in precipitate, 

suggesting that the crystals were salt and not protein. 

 

Crystallisation experiments were attempted using protein solution at 

concentrations 1.5, 2.0, 2.5, 3.0, 3.2, 4.0, 5.0, 6.5, 8.0, 10.0 and 12.0 mg/ml. 

Crystals were only observed between 4-10 mg/mL produced crystalline 

formations across the crystallisation screens after 7 days. Concentrations at 3 

mg/mL or lower did not produce crystalline formations and concentrations ≥ 

10 mg/mL often precipitated. Four conditions (Table 4.1 and Figure 4.2) 

generated crystalline formations. All screens contained crystals with similar 

morphologies, however, many involved multiple crystals fused together. The 

Index screen containing 0.1 M bis-tris pH 6.5, 28% (v/v) polyethylene glycol 
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monomethyl ether (PEG MME) 2,000 (Crystal screen ID D11) was selected as 

the most promising condition to pursue (Figures 4.2 and 4.3) as it mostly 

contained single crystals. Crystallisation was observed with all three ratios of 

protein:reservoir (1:2, 1:1 and 2:1), however the 1:2 protein:reservoir ratio 

predominantly gave the largest crystal size and greatest number of crystals. 

 

Table 4.1: 6H-QseM crystal producing conditions. 

Crystal 

screen 

Salt/s Buffer/s Precipitant/s Average 

pH 

Index (D11) - 0.1 M bis-tris 

(pH 6.5) 

28% PEG 

MME 500 

6.5 

Index (G7) 0.2 M 

NH4CH3CO2 

0.1 M bis-tris 

(pH 6.5) 

25% PEG 

3350 

6.5 

Crystal (F9) 0.1 M 

NaH2PO4·H2O 

0.1 M 

NaH2PO4 

0.1 M MES 

monohydrate 

(pH 6.5) 

 

2.0 M 

NaCl 

5.4 

Natrix (C7) 0.005 M 

MgCl2·6H2O 

0.05 M 

HEPES 

sodium (pH 

7.0) 

25% PEG 

MME 500 

5.7 
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Figure 4.2: Crystal screening of 6H-QseM. Crystal condition Index D11 (A), 

Index G7 (B), Crystal F9 (C) and Natrix (C7) results shown as visible light (left) 

and matching UV (right) images (imaged by Rigaku Minstrel crystal imager, 

see 2.6.2). All images are from drops of 1:2 ratio of protein:reservoir except B, 

which had a 2:1 ratio. All have similar morphologies and strongly fluorescence 

under UV.  
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4.2.2 Optimisation of 6H-QseM crystallisation 

Optimisation of the D11 crystallisation condition was attempted in 24-well 

sitting-drop trays (as detailed in 2.6.1) using a 1:2 protein:reservoir ratio. 

Optimisation trays exploring a pH range from 6.0 to 8.0 and PEG MME 2000 

concentrations between 20% and 30% were carried out. A pH between 6.0 

and 6.2 and a PEG MME 2000 concentration of 26-28% was determined to be 

the most optimal crystallisation condition. Crystals formed just outside these 

pH and PEG concentration ranges had lower consistency in crystal number, 

size and morphology (Figure 4.3). Initially, the optimisation drops contained 2 

µL of protein and 4 µL of reservoir, this was later adjusted to 3 µL protein and 

6 µL reservoir, as the larger drop size was less distorted by the loop during 

crystal harvesting. Drop sizes below a total volume of 6 µL were not attempted 

to avoid pipetting inconsistencies which may occur with protein component < 

2 µL. Total drop volumes were not >9 µL due to limited protein sample volume 

available. A 1 µL volume of micro-seeding stock (Section 2.6.3) was added to 

the 9 µL protein:reservoir drop in later crystallisation trays. Micro-seeding gave 

a consistent increase in number and size of crystals formed per drop (see 

method 2.6.3). The protein concentration for these larger optimisation drops 

was 2.0 ± 0.5 mg/mL. Attempts to use protein concentration in optimisation 

>2.5 mg/mL often resulted in drops with no observable crystal formations or 

precipitation. The lowest concentration used was that produced crystals was 

1.5 mg/mL. Drops with a protein concentration of 1 mg/mL did not produce any 

observable crystal formations or any precipitation.  

No further crystallisation or increases in crystal size were observed after 14 

days (Figure 4.4). After this time crystals began to visibly deteriorate. Crystals 

were therefore harvested for X-ray data collection within 14 days to maximise 

growth while minimising possible degradation.  
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Figure 4.3: pH and PEG effects on crystallisation of 6H-QseM in D11 

condition. Showing typical crystallisation results in the following conditions: 

(A) pH 6.0 - 6.2 and 25 % PEG; (B) pH 6.0 - 6.2 and 27% PEG; (C) pH 6.4 - 

6.6 and 27% PEG and (D) and pH 6.0 - 6.2 and 28% PEG.  

 

 

Figure 4.4: growth over time of 6H-QseM crystals. Images of the same 

crystallisation drop after 4 days (A) and 12 days (B). Little change was noted 

after 12 days.   
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The largest crystals were selected for X-ray diffraction experiments as they 

were easier to collect and provided a larger internal volume for increased 

diffraction signal intensity. Multiple crystals growing from a shared nucleation 

point occurred more frequently in larger crystals (Figure 4.5a), these crystals 

often broke into smaller fragments during harvesting, often presenting as 

single pyramid shapes. These pyramid shaped fragments were considered to 

be a single crystal but were often heavily damaged during X-ray beam 

exposure and were not used. The majority of 6H-QseM crystals formed a 

‘diamond’ shape and did not break into small pyramids (Figure 4.5b). We 

believed that these diamond shaped crystals were likely two or more crystals 

fused together.  
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Figure 4.5: 6H-QseM crystallisation optimisation. Crystals formed in a 24-

well optimisation-tray drop in 0.1 M bis-tris pH 6.5, 28% (v/v) PEG MME 2,000. 

Multi-fusion crystal bodies were commonly found in some drops (A), however, 

many optimisation drops reliably formed ‘diamond’ (likely double crystals from 

a shared nucleation point), these were often the largest and were imaged 

under light and UV (B). 

 

4.2.3 Crystallisation of Se-6H-QseM 

Crystals of Se-6H-QseM were grown in identical conditions to 6H-QseM. The 

crystal morphology was similar and there was no indication that incorporation 

of SeMet into 6H-QseM had any noticeable effect on crystallisation. 

  

4.2.4 Cryoprotection and cryocooling crystals  

Five cryoprotectants were tested on multiple crystals (Section 2.6.4), each with 

variable soaking times (Table 4.2). Since the 6H-QseM crystals were formed 

in a PEG MME 2,000 solution, we focused on using polyethylene glycol 500 
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and ethylene glycol as the cryoprotectant. Glycerol was also used as it is a 

component in the purification buffers and is also present in many of the 

crystallisation screen formulations. Glucose and 2-methyl-2,4-pentanediol 

(MPD) were also tested. Ethylene glycol, PEG 500 and glycerol all had 

reduced icing compared to non-cryoprotected crystals. Glucose and MPD did 

not appear to reduce icing compared to non-cryoprotected crystals. 

Cryocooled crystals were only observed for icing after transport and mounting 

on the beamline and it is not known if it occurred immediately, in transit, or 

when mounted on the beamline. Reduced diffraction quality was noted for 

crystals when significant icing occurred (to the extent that crystals were difficult 

to visualise on the beamline). Cryoprotectant screening was not exhausted, 

however, we deemed that soaking 6H-QseM crystals in ethylene glycol, PEG 

500 or glycerol all resulted in equally improved cryocooling and employed in 

all subsequent cryocooling attempts.   

 

Table 4.2: Concentrations and effects of cryoprotectants used. 

Solution Percentage 

(v/v) 

Notes 

Ethylene glycol  10-35% Glassy, clear appearance, no obvious 

crystal deterioration if soaked for a 

maximum of 3 minutes 

Polyethylene 

glycol 500 

20-40%  Glassy, clear appearance up to 30%. 

Degradation avoided at 40% by pre-

soaking in a 20-30% solution prior 

Glycerol  20-40% Glassy, clear appearance at 30%, 

degradation appearing at >5 minutes at 

40%  

Glucose  10-50% No observable degradation but icing 

occurred during cryocooling  

MPD (2-methyl-

2,4-pentanediol)  

10-30% Visible degradation occurred within a 

minute at >15%, however ≤ 10% 

resulted in icing during cryocooling. 
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We suspected that these crystals may be multiples with two crystal lattices 

growing outwards from a point. Crystals were frozen in a length-ways 

orientation (Figure 4.6). This orientation was least likely to collect datasets 

through multiple crystals. This orientation also allowed us to maximise number 

of individual datasets that could be collected per crystal.   

 

Figure 4.6: Cryocooled 6H-QseM crystal mounted at AS MX1 beamline. 

Cryoprotected crystal positioned lengthways to collect multiple datasets from 

different areas of the crystal (image taken with AS beamline sample camera, 

using AreaVision interface). 

  

4.2.5 Crystallisation of FseA 

We attempted to crystallise 6H-MBP-TEV-FseA using similar methods to 

those for 6H-QseM. While few MBP-protein fusions have been crystallised, 

those that have (199, 225) are often small proteins or peptides. Given the poor 

solution behaviour of untagged FseA, we decided to attempt crystallisation of 

the MBP fusion protein. Index and Crystal screens (Hampton) were used with 

protein concentrations of 3.0, 4.0 and 8.0 mg/mL, however no crystallisation 

was not observed. We attributed this lack of crystallisation partly due to either 

the solubilising effect of the MBP tag, the poor stability of the FseA protein 

itself, or the inherent flexibility of the fusion protein, despite the inclusion of 17 

amino acid rigged linker (including the TEV recognition site.  
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4.2.6 Diffraction data collection and analysis 

Diffraction data obtained using 6H-QseM crystals were collected at the MX1 

and MX2 beamlines at the Australian Synchrotron (AS). The native and initial 

SeMet datasets were collected on the ADSC Quantum 315r detector, whereas 

later diffraction data from SeMet crystals was collected on an Eiger2 16M 

detector (Figure 4.7). Diffraction data from the ADSC detector was integrated 

using iMosflim, whereas the Eiger2 diffraction data was integrated using XDS 

(methods outlined in Section 2.6.6). 
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Figure 4.7: 6H-QseM diffraction comparison. 6H-QseM crystal diffraction 

using SeMet-peak wavelength on an ADSC Quantum 315r (A) at a crystal-

detector distance of 399.97 mm (max. resolution of 2.5 Å) and on the Eiger2 

16M (B) at a crystal-detector distance of 384.02 mm (max. resolution of 2.4 

Å). The SeMet-optimised crystals produced diffraction spots further out from 

the centre on the Eiger2 16M detector, corresponding to higher resolution 

data. Less exposure time reduced background noise, potentially revealing 

weak diffraction spots. Improved crystallisation freezing eliminated a 

diffraction ‘ring’ from ice surrounding the protein crystal. Higher diffraction spot 

resolution reveals potential ‘spot splitting’ which may indicate multiple crystals 

in a single dataset or crystal splitting. Note that improved resolution and 

reduced ice diffraction are independent of detector change, however spot 

separation may have only been apparent on the Eiger2 16M detector.   
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Two diffraction datasets were collected from native 6H-QseM crystals and 42 

were collected from Se-6H-QseM crystals. Peak, inflection point and remote 

wavelengths were determined as per methods 2.7.1 (Table 4.3). Of the 42 Se-

6H-QseM crystal diffraction datasets, 13 were collected at inflection point 

(12688 eV), 26 at peak (12367 eV) and 3 at high remote (13200 eV) 

wavelengths. The quality of data was determined by half-dataset correlation 

coefficient (CC1/2) and Rmerge scores and diffraction limit (defined by I/σ(I)) (as 

per Section 2.7.1). The majority of poor datasets had diffraction limit >3.5 Å 

attributed to advanced crystal age or damage during harvesting and 

cryocooling. These problems were reduced by harvesting crystals more 

delicately at an earlier stage in formation and using cryoprotectants prior to 

cryocooling. These methods improved the quality of data by increasing 

diffraction limit and giving higher CC1/2 and lower Rmerge scores at higher 

resolution. Unusual doubling of diffraction spots was apparent in some of these 

higher resolution images.  

 

Table 4.3: Determined MAD wavelengths for Se-6H-QseM. 

 Energy (eV) Wavelength (Å) Theoretical (eV) 

Se Inflection point 12688 0.9772 12655 

Se Peak 12867 0.9636 12660 

Se High remote 13200 0.9393 13200 

 

 

SeMet crystals generated using optimised methods referred to as SeMet-

optimised hereon. The datasets for the SeMet crystals were divided into peak 

and inflection point wavelengths when determining the data quality. Peak 

datasets had better quality compared to inflection point datasets since the later 

were collected from the same crystal after peak datasets and may have been 

impacted by radiation damage accumulated during peak dataset collection.  

The output of AIMLESS (Figure 4.8) shows quality of data (measured as a 

CC½ score) dramatically falling at < 3.5 Å for SeMet-optimised inflection point 

data, < 3.0 Å for SeMet-optimised peak data and < 2.8 Å for native data. Rmerge 
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was worse with all SeMet data exceeding a score of 1.0 at 4 Å and the native 

data exceeding a score of 1.0 at 3.5 Å. Structure factor intensity (measured as 

mean I/σ(I))) fell below 2.0 at a resolution of 3.5 Å for SeMet data, 3.2 Å for 

SeMet-optimised inflection data, 3.0 Å for SeMet-optimised peak data and 2.9 

Å for native data.  

All datasets had completeness (from AIMLESS, overall completeness value) 

of over 91% for the resolution range collected (excluding a single outlier SeMet 

peak dataset with 76.5% overall completeness and 73.5% anomalous 

completeness). The native data was the most complete at 99.9%. The average 

SeMet peak, inflection point, and remote data had a 99.6% completeness 

(anomalous at 99.7% completeness). The average SeMet-optimised inflection 

point data had a completeness of 88.2% and the average SeMet-optimised 

peak data had a completeness of 93.8% (anomalous at 91.5% completeness).  

Additionally, there was indication of twining occurring in some of the datasets. 

Native and initial SeMet diffraction datasets appeared untwinned. Higher 

resolution inflection point and peak datasets collected from SeMet crystals 

were more likely to be twinned. Twining likelihood was determined by the 

Ctruncate L-Test (226) (Figure 4.9). Almost all datasets were indexed as 

tetragonal, however, a few were indexed as monoclinic (detailed in 4.2.7). 

These occurrences of monoclinic indexing were mostly associated with higher 

resolution, SeMet-optimised datasets. Indication of twinning occurred only in 

these SeMet-optimised datasets, in particular, the poorer quality inflection 

point datasets. It is possible that these lower symmetry space groups are 

giving false positive twinning results.  
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Figure 4.8: Diffraction data quality and intensity. Comparison of native 

(black), initial SeMet (red), optimised SeMet 6H-QseM inflection point (light 

blue) and optimised SeMet 6H-QseM peak (dark blue) diffraction dataset 

statistics. CC1/2 (A) and Rmerge (B) data quality scores and diffraction signal (C) 

(as mean I/σ(I)) and completeness (D) are plotted against resolution (Å). 

Native data was the best in completeness and quality compared to all other 

dataset types. SeMet-optimised peak data quality and completeness was 

better than the inflection point data, likely due to radiation damage for the 

collection of the inflection point datasets. SeMet dataset CC1/2 and 

completeness were better than the SeMet-optimised datasets, likely from 

reading split spots from the SeMet-optimised diffraction as unique structure 

factors.      
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Figure 4.9: Ctruncate L-Test twinning analysis. Native (A), initial SeMet (B), 

SeMet-optimised peak (C) and SeMet-optimised inflection point (D) L-test 

scores plotted against ideal un-twinned (blue) and perfectly twinned (red) lines. 

Results are presented as a black line average where multiple datasets are 

concerned, with grey shade showing individual dataset variation ranges. 

Probability for twinning is higher for the SeMet-optimised datasets, particularly 

the inflection point subset.  
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Four individual datasets were assessed based on quality, with the best 

resolution native, SeMet peak, SeMet-optimised peak and SeMet-optimised 

inflection point datasets used to solve the phase problem (Table 4.4). 

SHELXC/D/E and PHASER were both used in parallel to solve the phase 

problem. These datasets were also used in attempts to solve the phase 

problem using molecular replacement as described in 5.2.7 
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Table 4.4: Statistics for best diffraction datasets of crystallised 6H-QseM (scaled and merged in AIMLESS). 

 Energy 

(wavelength) 

Resolution 

Range 

Space 

group/s 

Unit cell dimensions Completeness* I/σ(I)* 

 

CC ½*† Anomalous 

resolution 

Anomalous  

Completeness 

Native 13.002 KeV 

(0.95360) 

34.97 – 2.80 Å 

(2.95 – 2.80 

Å) 

P 41 21 

2  

P 43 21 

2 

a = 34.97, b = 34.97,  

c = 118.33 

α =90°, β = 90°, γ = 90° 

100.0 

(100.0) 

13.6 

(1.2) 

0.98 

(0.619) 

N/A N/A 

Se Peak ‡ 

(initial) 

12.867 KeV 

(0. 96360) 

35.70 – 3.20 Å 

(3.46 – 3.20 

Å) 

P 41 21 

2  

P 43 21 

2 

a = 35.70, b = 35.70,  

c = 119.79 

α =90°, β = 90°, γ = 90° 

100.0 

(100.0) 

10.7 

(0.8) 

0.999 

(0.505) 

4.63 Å 100.0 

(100.0) 

Se Peak ‡ 

(optimised) 

(13.000 KeV) 

(0.95373) 

39.83 – 2.80 Å  

(2.95 – 2.80Å)  

P 41 21 

2  

P 43 21 

2 

a = 36.95, b = 36.95,  

c = 119.48 

α =90°, β = 90°, γ = 90° 

100.0 

(100.0) 

7.3 

(2.6) 

0.992 

(0.835) 

5.44 Å 100.0 

(100.0) 

Se 

Inflection 

point 

12.689 KeV 

(0.97710) 

36.75 – 3.00 Å 

 (3.18 – 3.00 

Å)  

P 41 21 

2 

P 43 21 

2 

a = 36.75, b = 36.75,  

c = 119.59 

α =90°, β = 90°, γ = 90° 

100.0 

(100.0) 

4.6 

(1.3) 

0.993 

(0.410) 

N/A N/A 

* Values in parenthesis refer to the highest resolution shell. 
† AIMLESS resolution maximum truncated to ensure a minimum CC ½ scores >0.30 
‡ There are two SeMet peak datasets that both warrant representation as the SeMet peak (initial) has significantly higher anomalous 
resolution limit, however the SeMet peak dataset (optimised) has overall greatest diffraction quality statistics compared to all 6H-
QseM diffraction data. Anomalous resolution determined by AIMLESS as a maximum before CC ½ scores >0.30 for anomalous 
signal.
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4.2.7 Space Group Assignment 

Almost all 6H-QseM crystals were automatically determined to be, and 

subsequently indexed as tetragonal with unit cell dimensions a=36 Å, b=36 Å, 

c=119 Å. Scaling tests in all tetragonal Laue groups by POINTLESS 

demonstrated that the crystals belong to group 4/mmm (Table 4.5). The 

candidate space groups in this Laue group are P 4 2 2, P 41 2 2, P 42 2 2, P 

43 2 2, P 4 21 2, P 41 21 2, P 42 21 2 and P 43 21 2, and MATTHEWS (149) 

analysis indicates a single 6H-QseM molecule at a solvent content of 32.6%. 

Systematic absences indicated a two-fold screw (21 – only k00 reflections with 

k=2n are present) on the short axis, and a four-fold screw (41 or 43 – only h00 

reflection with h=4n are present) on the long axis (Figure 4.10). The native and 

initial SeMet peak datasets had distinct systematic absences, however, both 

SeMet-optimised peak and inflection point datasets had weaker structure 

factor intensities and irregular systematic absences which coincided with 

reduced probability scores for space group determination for these datasets 

(Table 4.5). All datasets processed through POINTLESS indicated that the 

space group of 6H-QseM crystals was either P 41 21 2 or P 43 21 2 (average 

probability >71 %) compared to the next possible space groups (average 

probability (<23 %). 
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Table 4.5: Laue group and space group determination for top datasets 

(from POINTLESS). 

 

 

Laue 

Group 

Likelihood Reindex 

operator 

Space 

group 

Prob. Prob. 

(Sys. 

Abs.) 

Native P 4/m m 

m 

C m m m 

P m m m 

 

0.994 

0.004 

0.002 

 

[h, k, l] 

[h+k, -h+k, l] 

[h, k, l] 

P 41 21 2 

P 43 21 2 

P 41 2 2 

P 43 2 2 

P 42 21 2 

P 4 21 2 

P 42 2 2 

P 4 2 2 

0.721 

0.721 

0.191 

0.191 

0.038 

0.027 

0.010 

0.007 

0.725 

0.725 

0.192 

0.192 

0.038 

0.028 

0.010 

0.007 

Se Peak 

(initial) 

P 4/m m 

m 

P m m m 

0.998 

0.001 

[h, k, l] 

[h, k, l] 

P 41 21 2 

P 43 21 2 

P 41 2 2 

P 43 2 2 

P 42 21 2 

P 4 21 2 

0.809 

0.809 

0.133 

0.133 

0.027 

0.022 

0.811 

0.811 

0.133 

0.133 

0.027 

0.022 

Se Peak 

(optimised) 

P 4/m m 

m 

P m m m 

C m m m 

C 1/2m 1 

P 4/m 

P 1 2/m 1 

P 1 2/m 1 

P 1 2/m 1 

0.960 

0.020 

0.005 

0.005 

0.004 

0.003 

0.002 

0.001 

[h, k, l] 

[h, k, l] 

[h+k, -h+k, l] 

[h-k, h+k, l] 

[h, k, l] 

[-k, -h, -l] 

[h, k, l] 

[k, l, h] 

P 4 21 2 

P 4 2 2 

P 42 21 2 

 

 

 

 

0.632 

0.311 

0.011 

0.659 

0.324 

0.012 

Se 

Inflection 

point 

C 1 2/m 1 

P -1 

P 1 2/m 1 

P 1 2/m 1 

C 1 2/m 1 

P 1 2/m 1 

C m m m 

P 4/m 

P m m m 

0.591 

0.234 

0.045 

0.041 

0.041 

0.023 

0.018 

0.005 

0.001 

[h, k, l] 

[-½h-½k, 

½h+½k, -l] 

[-½h-½k, 

½h+½k, -l] 

[-½h-½k, -l, ½h-

½k] 

[-k, -h, -l] 

[-½h-½k, 

½h+½k, l] 

[h, k, l] 

[-½h-½k, 

½h+½k, -l] 

[-½h-½k, 

½h+½k, -l] 

P 4 21 2 

P 4 2 2 

P 42 41 2 

P 42 2 2 

 

 

 

 

0.665 

0.268 

0.042 

0.017 

0.665 

0.268 

0.042 

0.017 

Accepted laue/space group is in bold. Likelihood, probability (Prob.) and 
probability adjusted with observed systematic absences (Prob. Abs.) are 
scored between 1 and 0. In cases of equal probability, multiple space groups 
are accepted and processed in parallel in AIMLESS.  
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Figure 4.10: Intensity vs index for systematic absence determination. 

Strong intensities of both Native and SeMet Peak (Initial) datasets indicate that 

h=4 (A) and k=2 (B). SeMet Peak (Optimised) and SeMet Inflection point are 

significantly weaker yet appear to fit this trend.  

 

On a number of occasions, the lower symmetry (C-centred monoclinic) space 

group C 2 was identified (formally, C 1 2 1) with the cell dimensions of a=52 

Å, b=52 Å, c=119 Å (α=90°, β=90°, γ=90°) instead of the previously described 

tetragonal (a=36 Å, b=36 Å, c=119 Å).  These two space groups are 

mathematically related. The primary tetragonal space group dimensions of a 

= 36 Å, b = 36 Å has a hypotenuse of ~52 Å, corresponding to the a or b length 

of the monoclinic space group (Figure 4.11). This leaves the c dimension 
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unchanged, which corresponds to what we observed between both tetragonal 

and monoclinic unit cell parameters. It is possible that poor distinction in 

systematic absences, coupled with diffraction spot doubling described in 4.2.6 

may have given rise to datasets being indexed as C-centred monoclinic space 

group. We were able to process all monoclinic datasets in P 41/3 21 2 on the 

presumption that the C 2 indexing is a ‘red herring’ due to poorer quality data, 

but also retained scaled and truncated data in C 2 in case the lower symmetry 

could be real. These lower symmetry indexed datasets were used in molecular 

replacement (method 2.7.3) as described in 5.2.7. 

 

 

Figure 4.11: Rotational relationship between the unit cell dimensions of 

6H-QseM diffraction data index results. Lattice points exist on the four 

corners of the tetragonal space group and the four corners and centre of the 

monoclinic space group (in 2D space). Three corner lattice points (highlighted 

yellow) of the tetragonal (unit cell length of 36 Å) and two corner and centre 

lattice points of the monoclinic (unit cell length 52 Å) space groups align when 

they are super-imposed on top of each other (visualised by dashed lines).  

 

4.2.8 Attempts to determine phase information  

We could not successfully obtain phase with the best datasets available using 

either anomalous dispersion (SHELX C/D/E or PHASER) pipelines. PHASER-

EP pipeline uses SHELXD for heavy atom location prior to phasing, followed 

by PARROT (227) (density modification) and BUCCANNEER (149, 228) 

(model building). Both programs had acceptable occupancy scores (values 
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>0.5) for the expected number of Se atoms per asymmetric unit. We expect all 

6 of the 6 methionine residues present the in the 6H-QseM protein to be 

substituted with selenomethionine. A low CC (correlation coefficient) score of 

<0.3 when determining heavy atom substructure in SHELX D and a low 

contrast (<0.4) and connectivity (<0.75) during phasing and density 

modification in SHELX E after 100 cycles for both steps was observed for all 

attempts to solve the phase problem. No significant variation of CC and 

contrast and connectivity scores were seen for either P41 or P43 

enantiomorphs which, with the overall low scores, suggested that no 

conclusive solution could be determined via SHELX C/D/E. Quality of success 

for PHASER was measured by figure of merit and R-factor scores (153). The 

overall phasing results were poor, with the best Se peak data set having a low 

figure of merit (total) of 0.279 and high R-factor of 74.3. Consequently, the 

density modification and model building steps that followed were considered 

unsuccessful. This failure to phase correctly was likely attributed to the low 

completion of the final model set generated via BUCCANEER, having only a 

18.1% completeness of the total 6H-QseM amino acid sequence. This 

completeness was also heavily fragmented, existing in 3 disconnected chains.       

 

4.2.9 Attempts to solve structure using MR 

Models were used with collected crystallographic data to attempt structure 

solution by molecular replacement. Best SeMet peak and native 

crystallographic data were used (Table 4.3) with models generated via NMR 

or ab initio (method 2.7.3, ROSETTA/ROBETTA) predictive software in 

PHASER-MR. The best result from PHASER-MR determined 16 possible 

solutions with the top scoring solution having a TFZ score of 6.5 (below the 

default ‘8.0’ value considered successful (229)). Attempts to refine solutions 

using REFMAC5 (230) did not improve R-factors (231), with Rwork and Rfree  

(232) remaining >0.45.    
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4.3 Conclusion: 

Crystallisation was optimised from the original crystallographic results of 6H-

QseM with best diffraction to < 3 Å resolution.  Optimisation of crystal growth 

time, pH and PEG precipitant, micro-seeding and the cryoprotectant used 

each appeared critical for improvement of diffraction data. Crystal morphology 

and unit cell dimensions appeared consistent between multiple crystallisation 

experiments of unlabelled and Se-labelled 6H-QseM. The space group was 

determined to be a tetragonal P 4 21/3 21 2, although some weak evidence 

suggested that it may be a lower symmetry monoclinic C 2 space group.  

We were unable to solve the phase problem using SeMet-based anomalous 

phasing. While the morphology of the crystals seemed to contain more than 

one lattice, diffraction data analysis displayed no evidence of twining. 

Nevertheless, a combination of ambiguity in space group determination and 

multiple crystals may have caused some problems yet to be fully 

characterised. The anomalous signal measured in the diffraction data was not 

strong for any of the datasets, raising the possibility of either problems with 

twinning or low selenium incorporation into crystals. The level of SeMet 

incorporation was not explicitly measured due to time constraints, however, 

anomalous diffraction during X-ray diffraction at the absorption wavelength of 

Se was consistently detected. 

Molecular replacement was also attempted using predicted or NMR-derived 

6H-QseM structure. This was also unsuccessful, suggesting that either there 

are unresolved issues in the diffraction data or that the structures are not close 

enough to the crystal structure for successful molecular replacement. This 

latter situation is common and often requires refinement of the structure before 

molecular replacement is successful (233). This refinement primarily includes 

more realistic forcefield parameters that account for solvent that is interacting 

with the protein, something that is not well accounted for in NMR but integral 

to its structure within a crystal lattice. Future experiments should focus on 

finding new crystallisation conditions, crystallising the untagged QseM or 

crystallising QseM homologues. 
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Attempts to crystallise 6H-MBP-TEV-FseA were unsuccessful and no 

diffraction data was collected. Due to the stabilising nature of the MBP-tag, 

protein purification was improved but crystallisation may have been potentially 

hindered. It is possible that the MBP-tagged FseA construct is inherently 

difficult to crystallise and may need to be removed or substituted with a 

different tag before crystallisation is successful, an observation found in other 

recombinant proteins used in crystallisation (234).   
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Chapter 5: 

QseM Structure 

Determination by NMR 

  



120 
  

5.1 Introduction: 

This chapter contains work that was completed with assistance of Dr Mark 

Howard (School of Chemistry, University of Leeds, UK) and Dr Gareth Nealon 

(Centre for Microscopy, Characterisation & Analysis [CMCA], University of 

Western Australia) using a Bruker AVANCE IIHD 600MHz spectrometer at 

UWA CMCA. Further work was completed with assistance of Prof. Joel 

Mackay and Paul Solomon (School of Life and Environmental Sciences, 

University of Sydney) on a Bruker AVANCE III 800 MHz spectrometer.  

Nuclear Magnetic Resonance (NMR) spectroscopy can be used to determine 

structural information from macromolecules. Over 13,000 protein structures 

solved by NMR have been deposited to date in the RCSB PDB (rcsb.org 

(235)). Data acquisition consists of 1-, 2- and 3-dimensional NMR experiments 

on a homogenous protein sample, most often in solution. Proteins amenable 

to solution NMR structure determination are generally less than 20 kDa, stable 

and soluble at ≥ 0.3 mM concentration at temperatures between 4 and 40 °C. 

Proteins need to be stable in a low (< 50 mM) salt buffer solution free of organic 

agents like tris, HEPES and glycerol. Experimental run times can exceed 24 h 

of continuous signal acquisition for multidimensional NMR experiments (236, 

237). These factors limit the range of proteins that can be structurally 

determined by NMR spectroscopy (238, 239). 

The signals observed in multi-dimensional NMR experiments arise from either 

through-bond (240) or through-space (nuclear Overhauser, or NOE) 

interactions (241). Through-bond NMR experiments detect interactions 

between atoms that are ‘coupled’ through chemical bonds and NOE 

experiments detect interactions between atoms that are coupled due to their 

proximity in the three-dimensional structure of the folded protein. Through-

bond NMR experiments are used for backbone and sidechain resonance 

assignment and the NOE based experiments are critical to assigning distance 

restraints between the assigned atoms. These distance restraints are 

necessary to determine a protein’s folded tertiary structure (242, 243). NMR 

experiments can be further categorised by the number of atom types used and 

how they are coupled (Table 5.1). The simplest experiments are 1D, where a 

single atom type signal is collected, often 1H. Two-dimensional experiments 
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collect data connecting two atoms of either the same (homonuclear) or 

different (heteronuclear) types. These include 1H-TOCSY/COSY/NOESY and 

13C- or 15N-separated NOESY and HSQC and less common, HBCBCGCDHD 

and HBCBCGCDCEHE. Three-dimensional experiments (spectra collected 

with three measured frequencies) include more specific resonance couplings 

for experiments like HNCACB, CBCA(CO)NH, HNCO, HBHA(CO)NH. The 

majority of backbone assignments are made using the HNCACB, 

CBCA(CO)NH and HNCO experiments. Sidechain assignments are made with 

HCCH-TOCSY/COSY, HBHA(CO)NH, HBCBCGCDHD, HBCBCGCDCEHE, 

15N- and 13C-NOESY. Successfully assigning the majority of atoms, 

particularly those in hydrophobic sidechains that form the core of a protein, is 

required to attempt structure determination. 
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Table 5.1: NMR experiments and usage 

Atoms  Dimensions Name Use 

1H 1 1D 1H spectrum Simple analysis of all protons in 
sample, sample quality 

1H 2 1H-TOCSY/COSY Through bond, give signals for H 
atoms within 2-3 (COSY) or 

more (TOCSY) bonds of each 
other 

1H 2 1H-NOESY Through space, gives signal for 
H atoms within a few Å of 

proximity to each other 
1H, 15N 2 15N-HSQC Gives a signal for H-N pairs, for 

backbone or sidechain H and N 
assignments, used with 15N-

NOESY 
1H, 13C 2 13C-HSQC Gives a signal for H-C pairs for 

backbone/sidechain H and C 
assignments, used with 13C-

NOESY 
1H, 13C 2 HCCH-

TOCSY/COSY 
Gives a signal for H-C-C-H 
atoms either 2-3 (COSY) or 

more (TOCSY) bonds, used for 
sidechain H and C assignments 

1H, 13C 2 HBCBCGCDHD, 
HBCBCGCDCEHE 

 

Gives a signal for the HB-HD or 
HB-HE pairs, used for long 
sidechain H assignments, 
linking aromatic groups to 

backbone 
1H, 15N, 

13C 
3 HNCACB, 

CBCA(CO)NH, 
HNCO, 

HBHA(CO)NH 

Gives a signal for the H, C and 
N atoms across the backbone 
and start of the sidechain of a 
residue, used for backbone 

assignment and linking adjacent 
residues. 

1H, 1H, 
15N 

3 15N-NOESY Gives a signal for protons in 
proximity, can be linked back to 
all assigned N atoms, used for 

sidechain assignment and 
distance restraints 

1H, 1H, 
13C 

3 13C-NOESY Gives a signal for proton in 
proximity, can be linked back to 
all assigned C atoms, used for 

sidechain assignment and 
distance restraints 
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A chemical shift list can be used to predict the backbone ф and ψ dihedral 

angles. Full structure calculations use both these dihedral angle predictions 

and through-space NOE assignments, from which distance restraints are 

derived. Other information, including paramagnetic relaxation enhancement 

data (244) and residual dipolar couplings (245), are also used in some cases. 

Determining distance restraints and/or generating a protein structure can be 

automated using software such as CYANA and CNS. Structure calculations 

are typically carried out multiple times and the structure taken to be the 

ensemble of the ~20 conformers with the lowest energy as calculated by the 

program. A structure solution is deemed successful when there is consistent 

convergence between different structures, reflected as a minimal root-mean-

squared-deviation (RMSD) score (180, 246, 247).   

In principle, well-determined NMR structures can be used in molecular 

replacement for phasing-solving crystallographic diffraction data. However, 

since most NMR data lack long-range constraints, NMR structures are often 

poor templates for molecular replacement. Significant deviation between the 

NMR structure and the crystallographic data can render the template 

incompatible for MR structure calculation. Recent improvements in molecular 

dynamics-based refinement of NMR structures have given rise to higher 

success rates in MR (248). Given the difficulties in phasing the QseM 

crystallographic data described in the previous chapter, a QseM NMR 

structure refined by such molecular-dynamics methods may prove useful for 

MR structure determination.  

NMR data can also be used to supplement protein prediction methods if 

distance restraints are incomplete or unobtainable. Chemical shift data without 

NOE information can be used in CS-ROSETTA to generate a structure  with 

secondary structure determined using experimental data. The output can also 

be a rough validation model to compare with the full NMR calculated 

ensemble. Convergence between both would suggest the structure is likely to 

be correct.  
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In this chapter, multidimensional NMR experiment data were collected on 6H-

QseM. Following atom assignment, structure calculations resulted in the first 

experimentally derived structure of 6H-QseM.  
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5.2 Results and Discussion: 

Protein purification was discussed in chapter 3 and 6H-QseM was prepared 

for NMR experiments by methods outlined in 2.8.1. Details of NMR 

experiments are listed in Table 2.15 and Table 2.16. 

 

5.2.1 Testing QseM suitability for NMR 

1D 1H experiments were collected as described in 2.8.2. The 1D spectrum was 

similar at 50 µM and 500 µM concentrations, suggesting that QseM does not 

undergo concentration dependent aggregation or denaturation (249) during 

data collection (Figure 5.1).  

For 1H-TOCSY/COSY/NOESY, and 13C-NOESY, experiments 6H-QseM was 

suspended in buffer made up in >99% H2O or >99% D2O. Transfer to D2O 

was achieved via freeze-drying/resuspension methods outlined in 2.8.1. 

Freeze drying and resuspending appeared to have little impact on the integrity 

of the protein as comparisons of spectra before and after freeze-drying 

revealed few differences (Figure 5.2). Minor changes in the spectra were likely 

associated with slight differences between buffers; however, it is also possible 

the freeze-dried protein solution was more susceptible to aggregation.  
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Figure 5.1: 1D 1H NMR analysis of 6H-QseM. Spectra of 6H-QseM at two 

concentrations, namely 500 µM (~5 mg/ml) (blue) and 50 µM (red), were 

recorded. The spectra were referenced using sodium 

trimethylsilypropanesulfonate (DSS) (set at 0 ppm).   
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Figure 5.2: 1D 1H spectra of 6H-QseM before and after freeze-drying. 

Before (red) and after (blue) freeze-drying. Sample concentration 500 µM.  

 

The 6H-QseM sample was tested for consistent behaviour between 

experimental data collection by running 15N-HSQC spectra periodically. 

Consistent HSQC profiles indicated the sample did not change in any 

significant way between experiments. Additional signals did begin to appear in 

the HSQC profile after 88 h in the spectrometer (Figure 5.3). The 88 h mark 

was the timeframe in which the majority of 3 dimensional experiments needed 

for atom assignment were run (excluding 13C NOESY and HSQC). Several 

sample replicates were used to run all NMR experiments within similar 

timeframes. These signals were in positions that are consistent with either 

degradation or unfolding of the protein. A protein sample that has significant 

degradation or precipitation often has all amide signals condensed into a 

narrow chemical shift range (~7.8-8.6 ppm). Some 6H-QseM samples had 

visible precipitation before NMR data were collected; this precipitation had a 

negative effect on data collection. For these samples, a 15N-HSQC (Figure 5.4) 
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would reveal a severely condensed spectrum and no further NMR data were 

collected.  

 

 

 

Figure 5.3: 15N-HSQC of 6H-QseM over time. 15N-HSQC of the same 200 

µM 6H-QseM sample taken as soon as sample was loaded into the 

spectrometer (red) and 88 h later (blue). The +88 h 15N-HSQC peaks were 

manually shifted 0.1 ppm lower along the 1H axis for clarity. The 15N-HSQC 

profile remains consistent; however, weak peaks begin to emerge in the 1H 

7.5-8.5 ppm range. These weak peaks may indicate sample degradation is 

increasing and may suggest that 88 h is near the limit of sample lifespan for 

NMR data collection.  
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Figure 5.4: 15N-HSQC of precipitated 6H-QseM. Some protein samples 

prepared for NMR data collection showed visible precipitation before any NMR 

data were collected. 15N-HSQC spectra of such samples showed no peak 

separation, suggesting aggregation and/or unfolding.  

 

5.2.2 Atom assignment  

The 15N-HSQC displayed a single peak for most residues in the 94 amino acid 

sequence of 6H-QseM. Note that the first 12 amino acids of the 6H-QseM 

constructure compose the N-termini 6H-tag, the remaining 13-94 are identical 

to the 2-83 amino acids of native QseM. The HNCACB experiment gave 

signals for all Cα and Cβ atoms linked to the N-H of the same residue. The 

HNCACB experiment also gave progressively weaker Cα and Cβ signals for 

many previous residues linked to this N-H. The CBCA(CO)NH experiment 

gave signals for all Cα and Cβ atoms of the residue preceding the residue for 

which the signal was observed in the 15N-HSQC. These two experiments 

allowed identification of the Cα and Cβ chemical shifts of each backbone 

amide group found in the 15N-HSQC as well as the Cα and Cβ chemical shift 

positions of the preceding residue allowing the assigner to link each peak in 
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the 15N-HSQC to the previous one (Figure 5.5). Some residues, like alanine, 

serine and threonine have distinct Cα and Cβ chemical shifts (Figure 5.6) that 

can be used as starting points for sequence-specific assignment. When a 

unique sequence has been determined, all atoms in that sequence can be 

assigned with a high degree of confidence.  
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Figure 5.5: Backbone assignment method. The Cα and Cβ of 43Ala has a 

chemical shift pair linked with the 44Ser which in turn has a chemical shift link 

to the 45Ala. The 1H ppm shift position for these residues is given. Since the 

sequence ‘ASA’ only occurs once in the 6H-QseM sequence, we could assign 

these atoms with confidence.  
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Figure 5.6: The typical Cα and Cβ chemical shifts of each amino acid. 

Note that with serine and threonine, Cα and Cβ chemical shifts are inverted, 

and alanine has a significantly lower Cβ chemical shift than all other residues. 

The remaining residues can be loosely distinguished into either ‘low’ (around 

30 ppm) and ‘high’ (around 40 ppm).  

 

Assignment completeness was mapped out on the corresponding 15N-HSQC 

(Figure 5.7). This method of backbone atom assignment was used to assign 

67 of the 94 residues of the 6H-QseM sequence (Figure 5.8) and was 

completed with assistance from Dr Mark Howard and Dr Gareth Nealon. We 

excluded the first N-terminal 10 residues that correspond to the 6H-tag; signals 

from these residues were not observed in the 15N-HSQC, likely due to high 

mobility. Assignment was completed for 67 residues out of the possible 84, or 

80%. The remaining residues that could not be assigned included residues 11-

15, 21, 23, 26, 62, 66, 84-90. The majority of unassignable residues were 

found in the 11-15 region and 84-90 region. These residues had extremely 

weak signals. It is possible the weak signals are the result of higher mobility of 

these residues. Residues 21, 62 and 66 were prolines and do not have a 

presence on the 15N-HSQC. 
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Figure 5.7: First full assignment of 6H-QseM linked to the 15N-HSQC. 

Backbone assignments represented on the HSQC completed on a 600 MHz 

spectrometer. Peaks assigned have a residue position and type identifier to 

the immediate top-right of the peak. Unidentified peaks have a number in 

brackets corresponding to the peak number but have no relevance to the 6H-

QseM sequence and only act as a placeholder.  
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MRGSHHHHHH GSKRKVQDEV PWSDSLTAYD 30 

NEHFTIYMRL LDASADDASE DEMAQLVLGI 60 

DPMREPERAR MAVRSHLDRA NWMVTTGYKE 90 

LFAR                             94 

Figure 5.8: Initial backbone assignment of 6H-QseM. Backbone 

assignment completed residues highlighted blue. 

 

Further NMR experimental work was carried out with assistance of Prof. Joel 

Mackay and Paul Solomon at the University of Sydney. These experiments 

included a new backbone assignment in the hopes that the 800 MHz 

spectrometer may lead to higher assignment coverage. Only on the 800 MHz, 

double labelled sample suspended in D2O was used to acquire 13C/15N 

NOESY and 13C HSQC experiments, essential to completing sidechain atom 

assignment necessary for generating distance restraints. These NMR data 

were collected to start backbone assignment as detailed above, with 

assignments mapped on the 15N-HSQC (Figure 5.9). Additional experiments 

included HCCH-TOCSY/COSY (Figure 5.10) and 13C-HSQC (Figure 5.11) in 

order to complete assignment of all atoms in the sidechain of each residue. 

These included carbon and proton atoms that extended past the Cβ; in 

particular, the methyl groups that would generate the most useful through-

space NOEs, which are key in generating a protein structure.  
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Figure 5.9: 15N-HSQC of 6H-QseM. Backbone assignments represented on 

a HSQC completed on the 800 MHz spectrometer. Some peaks have 

unspecified identities (shown as a number in parentheses); these were unable 

to be assigned.  
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Figure 5.10: HCCH-TOCSY assignment for sidechain carbons and protons. Val57 has a Cα (C), Cβ (B) and two Cγ (A). An 

HCCH-TOCSY can show these as resonance sets. In each 13C plane, a H-C diagonal peak shows cross peaks (connections) to other 

protons in the same sidechain (circled in red). 
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Figure 5.11: 13C-HSQC of 6H-QseM. This 13C-HSQC displays resonance 

peaks of C-H pairs. The majority of assignments displayed are the methyl 

groups that are critical when assigning through-space NOEs.  

 

This second set of NMR experiments resulted in similar backbone assignment 

completion to the first but also included extensive proton assignment of those 

residues (Figure 5.12). In total, 63 residues (75% of total residues in 6H-QseM 

excluding the histidine tag) were backbone assigned with missing residues in 

similar areas to those of the initial assignment attempt shown in Figure 5.8. Of 

those residues, 50 (79%) had full sidechain proton assignment, 15 (24%) had 

most of the sidechain protons assigned and 4 (6%) had only a few sidechain 

protons assigned. These assignments were complete enough to begin 

structure generation via CYANA.  
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MRGSHHHHHH GSKRKVQDEV PWSDSLTAYD 30 

NEHFTIYMRL LDASADDASE DEMAQLVLGI 60 

DPMREPERAR MAVRSHLDRA NWMVTTGYKE 90 

LFAR                             94 

Figure 5.12: Backbone and sidechain assignment. Proton, carbon and 

nitrogen atoms that were fully assigned (highlighted blue), mostly assigned but 

with a few missing protons (highlighted green) and missing most protons 

(highlighted yellow).  

The similar missing regions of assignment between two independently 

collected NMR data sets reinforces that these residues without assignment 

exhibit weak atom resonances, likely due to mobility.  

Further assistance from Prof. Joel Mackay and Paul Solomon improved the 

assignment completeness to 88% of backbone atoms, 77% of sidechain 

atoms and 62% of atoms associated with aromatic rings in sidechains (Table 

5.2).    

 

Table 5.2: Chemical shift assignment completeness of 6H-QseM. 

 Total atoms 1H 13C 15N 

Backbone 291/329 (88%) 116/131 (89%) 118/134 (88%) 57/64 (89%) 

Sidechain 308/437 (70%) 188/256 (73%) 116/159 (73%) 4/22 (18%) 

Aromatic 39/63 (62%) 26/33 (79%) 11/26 (42%) 2/4 (50%) 

Overall 625/814 (77%) 323/412 (78%) 241/314 (77%) 61/88 (69%) 
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5.2.3 NMR structure of 6H-Qsem 

The CYANA software was used to generate structures using experimentally 

determined distance restraints as outlined in 2.8.6. CYANA by default has a 

total of 7 cycles which each output a set of 20 lowest-energy structures (those 

that best fit the experimental data and the basic forcefield that describes the 

geometry of the protein chain) that are then used to seed the next iteration. 

Significant convergence of structures in the ensemble was seen by the third 

iteration, at which point the three helices of 6H-QseM emerge. The remaining 

4 iterations produced some minor improvement mostly regarding the N and C 

terminal ends of the protein becoming more converged (Figure 5.13). 

Convergence was significant for the single well-defined core (residues 18-83) 

with an average backbone (atoms Cα, N, H) RMSD of 0.36 Å across this 

range. Convergence was also noted for sidechains within this core region, with 

lowest RMSD for core residues (Figure 5.14). Of interest were residues that 

are apparently surface exposed yet have low variance in sidechain orientation, 

potentially highlighting areas of the protein where structure is more tightly 

ordered (discussed in more detail in chapter 6). Comparatively, the extreme 

N- and C-terminal regions exhibited much greater variability. Significant 

disorder was apparent for residues 1-17 and 89-94 due to low structure 

convergence in these areas. Additionally, residues Arg39, Arg64 and Arg74 

present in the ‘well ordered’ region had a >4 Å sidechain RMSD, however, this 

is unsurprising since arginine and lysine residues often are incompletely 

assigned due to inherent disorder.  

A concentrated set of distance restraints was observed around the small, 

second helix (residues 50 – 59), suggesting stable interactions between 

adjacent helices (1 and 3). The N terminal Val20 and the C terminal Tyr88 

appeared to be restrained in these otherwise disordered regions. Numerous 

identified distance constraints (Figure 5.15) around the Leu41 and Trp82 

(which are in proximity to each other), suggested these residues are potentially 

critical to maintaining structure. There was an absence of distance constraints 

around residues Ala42, Ser43 and Met53 where we would expect multiple 

distance constraints to exist as they are clearly internalised and in proximity to 

similarly aliphatic residues like Val72 and Leu77. Inaccuracies or 
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incompleteness in resonance assignment might explain this lack of distance 

restraints, however there is also the possibility that this space may be more 

mobile or can accommodate a ligand.  

The final NMR ensemble revealed 6H-QseM to have three alpha helices, H1, 

H2, and H3, with H1 and H2 in an antiparallel arrangement, the is H3 

perpendicular to H1/H2. The N and C termini are at opposite polar ends of the 

overall protein structure. The structure is explored in significant detail in 

chapter 6, including residues associated with function, designation of a helix-

turn-helix motif and comparisons with other structures.   
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Figure 5.13: CYANA structure calculation. The first three iterations of ensemble generation are shown sequentially (A, B and C) 

followed by the last ensemble (D). Ensemble displays residues 11-94. Structure ensemble is coloured by backbone RMSD to chain 

that is most similar to the majority of structures in the ensemble (model of best representative), where 0-5 Å is dark blue to cyan, 5-

10 Å is cyan to yellow, 10-15 Å is yellow to red, all >15 Å are red.  
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Figure 5.14: Final 6H-QseM NMR ensemble. Three orientations shown, front (A, D), back (B, E) and top (C, F) of the same ensemble 

(with an N to C terminal transition from left to right in the front orientation). Ensemble displays residues 11-94. Coloured by RMSD, 

from 0 - 2 Å (dark blue to cyan), 2 - 5 Å (cyan to yellow), 5 – 10+ Å (yellow to red) for backbone (A, B and C) and with sidechain (D, 

E and F). 
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Figure 5.15: NMR structure of 6H-QseM with CYANA-derived distance restraints. Sequence of 6H-QseM displayed showing 

inter-residue contacts that are >4.5 Å and more than 5 residue positions apart coloured based on distance restraint probability (0-1) 

as either >0.8 (red), 0.5-0.8 (purple) or <0.5 (blue) (A) generated in Circos (250). The same restraints mapped on an NMR 6H-QseM 

structure from a ‘front’ (B) and ‘top’ (C) orientation. Helices coloured teal. Contacts worth noting include the residues 75-82 that have 

strong links to residues 20, 22, 37, 40-41, 44.   
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5.2.4 Preliminary structure validation report 

A preliminary full wwPDB NMR structure validation report was created as a 

final analysis of the 6H-QseM structure. The ‘Overall quality at a glance’ figure 

supplied by the report presents the 6H-QseM structure as relatively good  

compared to other NMR-derived structures in the PDB (Figure 5.16).  

 

Figure 5.16: preliminary structure quality of 6H-QseM. 6H-QseM has 

reasonably low clash scores represented as the number of atoms that have 

steric conflictions. The Ramachandran outliers (torsion angles that are 

unusual, potentially incorrect) are represented as a residue percentage 

against total residues in structure. Sidechain outliers (sidechains that have 

unlikely conformations based on backbone torsion angles for that residue) are 

similarly represented as a percentage against the total number or residues in 

the structure.  

The report further indicated a single ordered ‘core’ region between residues 

18 – 88 (Figure 5.17). This ordered region had an average backbone RMSD 

of 0.36 Å between the medoid structure (most similar to other structures) and 

the remaining structures in the ensemble. This medoid structure was used as 

the ‘most representative model’ in further structure analysis work. More than 

half of the disordered N-terminal region flanking the ‘core’ (residues 1-17) 

included the 6H-tag (residues 1-10). This tag region was often omitted in 

further structure analysis. 

 

 



145 
  

 

Figure 5.17: Random coil index plot (RCI) indicating ordered region of 

6H-QseM. The RCI determines the probability that a residue is disordered 

based on its chemical shift information. Values above 0.2 indicated high 

probability of disorder. The 18-83 core region is shown to have a low RCI 

score. 17Gln is ill-defined due to limited chemical shift information.  

 

5.2.5 Structures of 6H-QseM  

Structure determination involved dihedral angles and secondary structure 

derived from methods outlined in 2.8.5. Two methods other than CYANA were 

used to generate a structure of 6H-QseM (Figure 5.18). One method employed 

CS-ROSETTA (https://spin.niddk.nih.gov/bax/software/CSROSETTA/) (156-

159) with chemical shift information from NMR backbone assignments. The 

structure (6H-QseM-CSROSETTA) contained three main helices. A fourth 

helix was observed at the N-terminal, however, the majority of residues in it 

belong to the 6H tag and therefore can be seen as not part of the native protein 

structure.  

The other method employed GREMLIN2 (194-196) server 

(https://gremlin2.bakerlab.org/) to predict distance restraints based on co-

evolution of residues in the DUF2285 protein family. These distance restraints 

were used by ROBETTA to generate a structure of 6H-QseM (6H-QseM-

CoEvo) (work done by Calum Morris). This structure also consisted of three 

alpha helices.  
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Figure 5.18: 6H-QseM structures generated. All three 6H-QseM structures 

show include ‘6H-QseM-NMR’ (best representative from CYANA ensemble), 

6H-QseM-CSROSETTA (CS-ROSETTA predicted with NMR chemical shift 

data) and the 6H-QseM-CoEvo (ROBETTA predicted model using GREMLIN 

predicted distance restraints). The 6H-QseM-NMR structure has its three 

helices marked (H1, H2, H3) and its C and N terminal ends. All other structures 

have only the C and N terminal ends marked. The Alignment ensemble shows 

all three structures superimposed.  

Structure alignment shows that the 6H-QseM-NMR, 6H-QseM-CSROSETTA 

and 6H-QseM-CoEvo structures share a consistent triple-helix core with 

deviations only becoming significant towards the C and N terminal regions. 

The middle of the first helix (H1) through to the middle of the third helix (H3) of 

6H-QseM-NMR had a RMSD <2Å to either the 6H-QseM-CSROSETTA or the 

6H-QseM-CoEvo. This observation is in line with the fact that predicted protein 
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structures often closely resemble the NMR or X-ray crystal derived structures 

of the same protein (156, 251). The overall alignment of all three structures 

also reinforces that 6H-QseM is a triple-helical protein with the first and second 

helix in an anti-parallel positioning, with the third helix running perpendicular 

to both. All three structures were used unsuccessfully with crystallographic 

data in attempts to solve the structure through molecular replacement, 

described in Chapter 4.  

 

5.2.6 Refinement of NMR structure for molecular replacement 

A successfully solved crystal structure of QseM may reveal the structure in 

finer detail then what has been achieved by NMR, particularly regarding the 

‘disordered’ termini regions that have no definitive structural information. The 

NMR 6H-QseM structure was refined using ROSETTA (Figure 5.19), which 

includes force-field algorithms in ROSETTA to improve suitability for molecular 

replacement (248, 252). For refinement, the best representative model from 

the CYANA ensemble was used as a starting template together with NOE and 

dihedral restraints. Regions of high disorder were defined between residues 

1-30 and 70-94. ROSETTA was given freedom to adjust any part of the 

structure, including designated disorder regions. The refinement resulted in an 

ensemble of 6H-QseM which had more rigid secondary structure compared to 

the pre-refined NMR structure input, particularly towards the N and C terminal 

ends where there was less curvature of the helices. The motif formed by the 

end of the first helix, second helix and start of the first helix had an RMSD < 2 

Å compared to the pre-refined 6H-QseM-NMR, 6H-QseM-CSROSETTA and 

6H-QseM-CoEvo structures. 
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Figure 5.19: Ensemble of the top 10 structures generated from the 

ROSETTA after refinement.  Coloured by average RMSD of backbone and 

sidechains, where 0 - 2 Å (dark blue – cyan), 2 - 4 Å (cyan – yellow) and 4 - 5 

Å (yellow to red), with >5 Å remaining red. N and C terminal regions of high 

disorder have been removed for clarity. The three helices are shown as H1, 

H2 and H3 (from N to C terminal as first, second and third helix). 

 

5.2.7 Supporting structural information 

Small angle X-ray scattering (SAXS) analysis of 6H-QseM was carried out to 

determine mass, size and shape analysis of 6H-QseM in solution. SAXS data 

was used to collect low-resolution structural information of QseM in solution, 

parallel to crystallography structure determination attempts, before an NMR 

structure was generated. Although this SAXS model was made redundant 

after success with NMR, comparison between both reinforced that the 6H-

QseM-NMR structure was accurate. This work was completed at the 

Australian synchrotron with assistance from Dr. Jason Schmidberger and Dr. 

Karina Yui Eto as per method 2.8.1. X-ray scattering, Guinier, Kratky and 

distance distribution plots were generated (Figure 5.20), followed by molecular 

weight calculation (Table 5.3) using PRIMUSQT. The scattering profile 

indicated that 6H-QseM is globular. The data from both Guinier and Kratky 

indicated that the overall quality of data is sufficient to gain an accurate 
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structural information. The Dmax (maximal radial distance of the protein) was 

~56.94 Å and the mass was calculated to be 10.40 kDa, which is within 

reasonable range of the theoretical mass of 6H-QseM at 10.96 kDa (Table 

2.11). The SAXS data conclusively proves that 6H-QseM exists in a 

monomeric, globular form.  

 

Table 5.3: SAXS data collection and analysis for 6H-QseM. 

Data collection Instrument AS SAXS/WAXS 

beamline 

q range (Å-1) 0.006 – 0.375 

Structural 

parameters 

P(r) I(0) (cm-1) 00.01 ±0.00 

P(r) Rg (Å)  15.57 ± 0.01 

Guinier I(0) (cm-1)  00.01 ± 0.00 

Guinier Rg (Å)  15.56 ± 0.01 

Dmax (Å) 56.94 

 P(r) Quality estimate 0.97 

Molecular mass Calculated MW (Da)* 10400 

MW probability (%) 69.94 

Credibility Interval (Da) 9050 – 10850 

Credibility interval (%) 96.56 

Theoretical MW (Da)‡ 10960 

Apparent stoichiometry 

(n) 

monomeric 

* determined by Bayesian Inference 
‡ determined by sequence 

 

Scattering data were compared to the 6H-QseM-NMR structure using 

CRYSOL followed by a DAMMIN model calculation as detailed in 2.8.1. Both 

CRYSOL and DAMMIN were run online through ATSAS at https://www.embl-

hamburg.de/biosaxs/atsas-online/. The analysis produced by CRYSOL 

indicated a strong fit of theoretical scattering of the input structure (best 

representative of 6H-QseM NMR structure) with a χ2 score of 0.302 (Figure 

5.21; note that for data collected at the Australian Synchrotron, a χ2 of 0.25 

represents perfect fit). It is worth noting, however, that for a small, globular 

(and effectively spherical) protein, there is an increased tolerance for fitting a 

https://www.embl-hamburg.de/biosaxs/atsas-online/
https://www.embl-hamburg.de/biosaxs/atsas-online/
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structure to the scattering curve compared to a larger more distinct protein 

structure that requires a more specific scattering profile. 

The NMR ensemble of 6H-QseM was fitted into the DAMMIN surface model 

using inbuilt fitting algorithm in UCSF Chimera (Fit in Map) (Figure 5.22). The 

surface space and curvature fitted well with the NMR ensemble, despite some 

void areas present which may represent capacity for possible dynamic 

conformation in solution. It is also possible that some of this extra space was 

related to the C-terminal 10 residues that constitute the 6H tag which are 

removed from the NMR ensemble but would contribute to scattering during 

SAXS. SAXS surface models are fairly limited in presenting fine detail and so 

have reduced value compared to the CRYSOL results. 
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Figure 5.20: SAXS analysis of 6H-QseM. Showing the scattering (A), Guinier plot (B), Kratky plot (C) and distance distribution (D). 

Averaged values are shown as blue dots in A, B and C, with error bars in light blue.  
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Figure 5.21: CRYSOL comparison between SAXS scattering and NMR 

ensemble  of 6H-QseM. Theoretical scattering of NMR input structure (blue) 

fitted to collected SAXS scattering (grey dots, with error bars).  

 

 

Figure 5.22: DAMMIN surface model with NMR ensemble.  6H-QseM NMR 

ensemble coloured N to C terminal (blue to red), fitted in SAXS surface map 

determined by DAMMIN.  
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5.3 Conclusions 

Previous attempts to solve the structure of 6H-QseM by X-ray crystallography 

were unsuccessful largely to difficulties in phase problem solving. Forgoing 

crystallised 6H-QseM, structure prediction was attempted, however, we could 

not conclusively assign these structure predictions as the true structure of 6H-

QseM in solution. Parallel experiments during crystallographic work identified 

6H-QseM as a suitable protein for nuclear magnetic resonance (NMR) 

experiments, subsequently leading to solving its structure.  

We attempted backbone assignment of the protein using two separate 

datasets. The second dataset included experiments for full sidechain 

assignment for structure determination. Both backbone assignments resulted 

in similar completion levels with conserved areas missing assignment. These 

unassigned residues are likely in variable conformations or otherwise 

significantly more mobile compared to other parts of the protein since their 

resonance signals were too weak to locate.  

A structure ensemble of 6H-QseM was successfully created using the second 

NMR dataset. 1D, 2D and 3D spectra were collected, with a final backbone 

assignment completeness to 88% and overall atom assignment completed to 

77% using 15N- and 13C-labelled 6H-QseM. 13C-HSQC/NOESY experiments 

required protein suspended in D2O instead of H2O, requiring an intermediate 

freeze-drying and re-suspending step. There was no apparent degradation to 

the protein during this process, however, these samples were often lower in 

concentration (compared to initial unlabelled and 15N only labelled protein) due 

to reduced 13C/15N-labelled protein availability. The lower concentration likely 

benefited sample solubility over the longer spectra collection run times often 

required with these 13C/15N-labelled protein experiments. Most sidechain 

assignments were achieved using HCCH TOCSY/NOESY experiments, 

however 13C-HSQC/NOESY were critical for long sidechain assignments that 

dramatically improved distance restraints. CYANA was used to generate an 

ensemble with significant convergence of structures for residues 17-84. This 

NMR ensemble presents 6H-QseM as a triple-helix, globular protein that is 

discussed in detail in chapter 6. 
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The NMR structure aligned with predicted structures using CS-ROSETTA and 

GREMLIN2. This alignment was highest around the end of the first helix 

through to the middle of the third helix (residues 35-77) with an average 

backbone RMSD <2 Å. However, these models diverged towards the N and C 

termini. It is likely that these regions are more mobile since the overall residue 

composition was hydrophilic and likely exposed to solvent, particularly the N 

terminal residues (1-17) which include the 6H-tag (which was present in NMR 

data collection but trimmed from structure calculations). As the 6H-QseM-

CoEvo model draws theoretical distance restraints from sequence alignment 

of the whole DUF2285 protein family, it is likely three-helix motif observed in 

6H-QseM is conserved among all other DUF2285 proteins.  

The 6H-QseM-NMR ensemble was further refined using ROSETTA to improve 

its suitability in molecular replacement experiments with previously collected 

crystallographic data. Unfortunately, this refined 6H-QseM-NMR model nor 

6H-QseM-CSROSETTA or 6H-QseM-CoEvo were successful in solving a 

structure of 6H-QseM using the currently available X-ray crystallographic data 

via molecular replacement. We initially suspected that molecular replacement 

was unsuccessful due to the poorly defined structure of the termini in the NMR 

ensemble, however, applying just the well-defined structural core comprising 

the three helices was also unsuccessful. Furthermore, 6H-QseM predicted 

structures also failed to succeed in molecular replacement. We concluded that 

either the crystallographic data is inadequate for molecular replacement due 

to incorrectly designated space group or unit cell dimensions or the in-solution 

structure of 6H-QseM differs from the crystal structure to a degree that 

prevented molecular replacement to succeed. 

We also compared our 6H-QseM-NMR ensemble with collected small angle 

X-ray scattering (SAXS) data of 6H-QseM. The SAXS data results indicated 

that 6H-QseM is monomeric in solution and globular in shape. This globular 

shape agrees with our structures of 6H-QseM. The SAXS data was also used 

to generate a low-resolution representation of 6H-QseM in-solution which 

agrees with our 6H-QseM NMR ensemble. Comparisons were made between 

the 6H-QseM-NMR ensemble and the SAXS data via CRYSOL which resulted 

in low χ2 score, confirming a positive match between the two.  
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Further NMR experiments with 6H-QseM could be attempted in the future. 

Ligand-HSQC experiments between 6H-QseM and FseA or TraR could reveal 

residues critical to binding on 6H-QseM since the 15N-HQSC has been mostly 

assigned.  
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Chapter 6: 

Structure-function 

analysis of QseM and 

DUF2285 proteins  
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6.1 Introduction: 

This chapter contains QseM and FseA mutagenesis work conducted by Calum 

Morris, Will Jowsey and Prof. Clive Ronson at the University of Otago. Author 

contribution has been defined where appropriate throughout the chapter.  

Helix-turn-helix (HTH) DNA-binding motif, in its simplest form, is composed of 

two helices in a specific spatial arrangement with a critical loop between them 

(Figure 6.1). Often this HTH motif includes more than two helices and, as is 

the case of winged HTH, also includes beta-strands. The HTH motif is able to 

bind DNA by positioning itself into the major groove of the DNA target site. 

Some HTH motifs use an extended turn feature in DNA binding (253).  

As described in chapter 1, Prokaryotic transcription factors often exhibit a HTH 

motif that is essential for DNA recognition and binding. Structure determination 

of 6H-QseM by NMR detailed in chapter 5 has shown that QseM contains a 

HTH motif, however, QseM is not known to bind DNA (Calum Morris, 

unpublished), only the transcriptional activation proteins TraR and FseA. It is 

therefore unexpected that QseM retains a HTH motif. It may be that proteins 

with the majority of DUF2285 domain contain a HTH motif for DNA binding, 

like FseA and RovC, however, some variation in QseM has made it incapable 

of binding DNA. We know that QseM is an antiactivator and perhaps it’s non-

functional HTH domain is critical to that function. It is also worth noting that 

many HTH motifs function in proteins that form a quaternary structure, such 

as the dimer of TraR and the hexamer of RovC. FseA may also form a 

superstructure that may be prohibited from binding DNA by interference from 

QseM. This high specific interaction is supported by the fact that QseM is only 

present in genomes that have FseA.  
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Figure 6.1: Helix-turn-helix motif of QseM. A typical HTH motif contains 3 

helices, with two forming the critical HTH feature required for DNA binding (A). 

6H-QseM-NMR structure features a HTH motif across the 2nd helix, loop and 

3rd helix secondary structure (B).  
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6.2 Results and Discussion: 

Chapter 5 details structure of 6H-QseM solved by NMR. To summarise, 6H-

QseM is a globular protein with three distinct alpha helices, the loop between 

H2 and H3 forms a HTH motif. Both N and C termini are positioned away from 

the HTH motif and are disordered. It is worth highlighting in chapter 5 we 

conclude that 6H-QseM-NMR structure is an accurate representation of the 

DUF2285 domain. 

 

6.2.1 Alignment of QseM structure to known proteins 

Our 6H-QseM-NMR ensemble was used with both DALI and COFACTOR 

servers to find similar protein structures across the PDB. We used a ‘model of 

best representation’ of our CYANA generated ensemble for structure 

alignments (as per method 2.9.3), however, regions of disorder prevented both 

the DALI and COFACTOR algorithms for finding comparable protein 

structures and were trimmed from the structure during the search. DALI found 

a total of 1216 structure matches (before a cut-off Z-score of 2.0) with 11 

unique structure alignments ≥20% sequence identity and a Z-score ≥ 3.0 

(Table 6.1). With the highest Z-score at 3.5 (sequence identity of 20%) match 

being RNA polymerase sigma factor CNRH (4cxf-A) and the highest sequence 

identity match at 24% (with a Z-score of 3.3) being RNA polymerase sigma 

factor (3hug-E).  
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Table 6.1: list of primary DALI matches to 6H-QseM NMR input. 

Rank Chain 

ID 

Z-

score 

RMSD Lalign Nres %ID Description 

1 4cxf-A 3.5 2.1 44 154 20 RNA polymerase 

sigma factor CNRH 

2 2h27-

A 

3.4 2.4 45 71 20 RNA polymerase 

sigma E factor 

3 3vep-

D 

3.3 2.5 45 68 22 Uncharacterised 

protein 

RV3413C/MT3522 

4 3hug-

E 

3.3 2.3 45 73 24 RNA polymerase 

sigma factor 

5 2vbx-

A 

3.3 2.7 47 149 21 Transcriptional 

regulatory protein 

6 5cy2-

F 

3.2 3.0 45 180 20 Transposon TN3 

(subunit) 

7 6dv9-

F 

3.1 2.4 45 174 24 DNA-directed RNA 

polymerase subunit 

alpha 

8 1xsv-

A 

3.0 2.4 45 106 22 Hypothetical 

UPF0122 protein 

SAC1236 

9 5z7i-B 3.0 2.2 42 45 24 Cell cycle regulatory 

protein GCRA 

10 2w48-

C 

3.0 2.1 44 299 23 Sorbitol operon 

regulator 

11 1i1g-A 3.0 2.8 47 140 21 Transcriptional 

regulator LRPA 

Chain ID associated with RSCB PDB entry. Z-score a determination of fit, 

with >2.0 being significant. Lalign is the number of residues of entry which are 

part of structure alignment with 6H-QseM query. Nres is the number of total 

residues in entry. %ID is the sequence identity between entry and 6H-QseM 

query.  

 
The DALI matches 4cxf-A and 3hug-E had the last 45 residues aligned with 

the 6H-QseM-NMR structure (Figure 6.2), but divergent at the C and N termini. 

This alignment was characterised by comparing RMSD (Figure 6.3) and 

sequence alignment (Figure 6.4 and Figure 6.5). RMSD analysis indicated that 

the core triple-helix region is conserved, with divergence occurring in at the C 
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and N termini, as well as the turn region between the second and third helix, 

which appears slightly extended in 6H-QseM-NMR structure compared to all 

other DALI matches. It is noteworthy that many HTH motifs, like those reflected 

in Figure 6.2, feature a much shorter connection between H2 and H3. The 

extended loop between H2 and H3 in QseM is consistent with other predicted 

and calculated models of 6H-QseM (6H-QseM-CSROSETTA, 6H-QseM-

CoEvo described in chapter 5). All but one of the DALI matches outlined in 

Table 6.1 displayed similar alignments to those shown in Figure 6.2. This 

different alignment match was 5z7i-B (Cell cycle regulatory protein GCRA), 

which only had 45 residues and occupied the entire conserved structure of 6H-

QseM. 

There was limited residue conservation between 6H-QseM-NMR and DALI 

matches. These residues included Ser49, Ala54, Gly59 and Val73. These are 

likely embedded residues that are conserved for structural purposes. Similarly, 

many conservative substitutions are often located in embedded positions and 

many non-conserved residues are surface-exposed.   
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Figure 6.2: DALI matches structure aligned to 6H-QseM. 6H-QseM (orange) structure aligned with RNA polymerase sigma factor 

CNRH [4cxf-A] (blue) and RNA polymerase sigma factor [3hug-E] (green) (A). Amino acid sequence of these proteins with region 

displayed in part A highlighted and underlined. Hidden parts of the sequences fail to align with the C or N terminal ends of 6H-Qsem.   
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Figure 6.3: RMSD analysis from DALI matches. RMSD coloured from most aligned (blue) to least (green). The two matching 

structures are transparent. Greatest convergance occurs where the three helices (H1, H2 and H3) are in close proximity to each 

other, large divergance occuring towards the C and N terminal ends of 6H-QseM-NMR.  



164 
  

 

Figure 6.4: Residue conservation in structure alignment. Fully conserved residues (red), along with similar residues (orange) 

and non-conserved residues (yellow). Three helices noted (H1, H2, H3) and the turn. 

 

Figure 6.5: Sequence alignment of converged structure region. Sequence in orange boxs are areas where the structures (Qs 

align, as visualised in Figure 6.4. The turn (highlighted green) feature of 6H-QseM between the 2nd and 3rd helix is apparent in this 

alignment. 
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COFACTOR generated similar results to DALI, giving a list of the top 10 

matches ranked by a generated TM-score (percentage of the query 6H-QseM 

structure residues which align with known protein structures). The top TM-

score was 54%, and the lowest was 46%, suggesting approximately half of the 

residues in the 6H-QseM-NMR structure form a similar structure to the given 

matches. Again, similar to the DALI results, the most closely matching areas 

that align to the first helix connects to the second and where the second helix 

connects to the third in 6H-QseM. Similar to the matches identified by DALI, 

divergence between COFACTOR-identified structures is most prominent 

towards the C and N termini of the query structure. For the matching regions 

(defined by the TM-score), an average RMSD was calculated, which ranged 

between 2.5 and 4 Å across the 10 matches. The residue sequence identity 

between the QseM query and the matches was very low, ranging between 4 

and 12.5%, which was also fairy consistent with the DALI results.  

COFACTOR also attempted to determine some preliminary predicted gene 

ontology and ligand binding sites. The predicted gene ontology results had low 

Cscores for molecular function prediction with only one potential association 

with amidine-lyase activity, a Cscore of 0.37. For predicted biological process 

there were multiple matches which included protein oligomerisation and 

ribonucleotide processes, all had a low Cscore of 0.37. Multiple matches with 

identical Cscore values suggest no definitive answer among the set, with it 

likely that none are correct. Predicted cellular component gave a more 

confident result, placing the protein in the cytoplasm with a Cscore of 0.75, 

which matches with our current hypothesis of QseM functioning as an 

antiactivator within the cytoplasm and not membrane embedded or excreted 

into extracellular space. No predicted ligand binding sites could be determined 

as no homology model was found with known ligand binding sites. This does 

not definitively suggest that QseM has no potential ligand, only that no 

supporting evidence was found.  

Use of 3DLigandSite using the 6H-QseM-NMR structure could not determine 

accurate binding sites for small molecules or ions due to low number of 

homology pairs with ligand information. We also attempted using just a 

sequence input, relying on the software’s use of the Phyre server (254) for 
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structure prediction to create a structure and then scan for homology models, 

however, this also did not reveal any matches.  

 

6.2.2 Structure determination of FseA 

FseA structure was predicted using GREMLIN, RoseTTAfold (255) and 

Alphafold2 (256). These ab initio predictions were generated using structure 

prediction algorithms supplemented with distance restraints derived from co-

evolution data. All three software methods produced similar FseA structures, 

with the most similar having an average backbone RMDS of 1.9 Å (between 

RoseTTAfold and Alphafold2). Co-evolution data was based sequence 

alignment of ~4,500 FseA homologues. It is worth noting that C-terminal 

DUF2285 domain of FseA is incorrectly annotated by excluding the N-terminal 

domain of FseA homologues, when in reality, both domains are often 

expressed as a single polypeptide due to the +1 programmed ribosomal 

frameshift motif detailed in section 10.1. FseA structure predictions were 

completed by Will Jowsey. 

 

6.2.3 Structure comparison between QseM and FseA 

Both QseM and the FseA DUF2285 domain models exhibited three helices 

(H1, H2, H3) with a HTH motif forming between the H2 and H3 of 6H-QseM-

NMR (Figure 6.6). The HTH of the FseA DUF2285 likely exists between H2 

and H3, with a smaller helix, H2b within that turn. Existence of extra secondary 

structure in the turn of FseA draws parallels to the HTH motif of Q 

antitermination factor in E. coli (A novel Helix-turn-[loop]-helix motif was 

recently identified in the E. coli Q antitermination factor (253)) which has a 

small antiparallel beta sheet feature within the turn (Figure 6.7). As is typical 

of HTH motifs, a α-helix of the HTH in Q antitermination factor is for sequence 

recognition and fits into the major groove of the DNA target within the 

regulatory gene cassette, Q. The Q antitermination factor is required to 

maintain a stable interaction between the RNAP and the DNA of Q, to that 

end, the additional secondary structure of the loop, which includes B1/B2 β-

sheets ensure a strong interaction. This extended loop feature is what makes 
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the HTH motif of Q antitermination novel. QseM and FseA display an extended 

HTH loop, however neither exhibit β-sheets, with the loop of FseA forming a 

distinct α-helix (H2b). It is for this reason that the DUF2285 domain HTH motif 

is novel and may be distinct in the loop for added stability. It is also noteworthy 

that QseM’s HTH loop is far simpler to that of FseA, potentially revealing the 

reason why only the DUF2285 of FseA is capable of binding DNA.  

 

 

 

Figure 6.6: 6H-QseM-NMR structure compared to DUF2285 domain of 

FseA. The QseM structure taken from NMR ensemble, FseA DUF2285 

domain taken from the predicted structure of FseA. Structures are coloured by 

secondary structure with alpha helices coloured cyan and loops coloured 

purple.   
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Figure 6.7: Q-dependent antitermination protein binding DNA. HTH motif 

shown including the 2nd and 3rd helices (H2 and H3) the turn and the two beta-

strands (B1/B2) within that turn motif. RSCB PDB ID: 6P18 (253). 

 

The electrostatic surface of both 6H-QseM-NMR and FseA (residue 196-266) 

was examined to reveal distinguishing features between either protein (Figure 

6.8). The surface of 6H-QseM-NMR has more acid residues around the area 

where H1 connects to H2 whereas it has more basic residues around the C 

and N termini.  There are also some base residues flanking the acid-rich region 

around the H1-H2 connection. FseA (residues 196-266) has a many more 

basic residues than acidic residues on the surface. The majority of these basic 

residues are located at the end of the turn and most of H3 as well as areas 

where H2 and H1 are close to H3.    

The turn motif of a HTH motif is involved in binding DNA, however, the turn in 

6H-QseM-NMR contains an even balance of basic and acidic residues. In 

contrast the HTH turn in FseA has an overall greater number of basic than 

acidic residues and corresponds with what is expected in a DNA-binding HTH 

turn motif. This surface charge discrepancy between 6H-QseM-NMR and 

FseA may be a critical factor as to why it appears only FseA is able to bind 

DNA.   
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Figure 6.8: Electrostatic surface of QseM and DUF2285 domain of FseA. 

Surface map coloured by charge of 6H-QseM and FseA (residues 196-266) in 

(A) top, (B) front and (C) bottom orientations for both. Negative (red), natural 

(white) and positive (blue) electrostatic charge. Electrostatic surface 

generated using APBS Electrostatic plugin on PyMOL.   
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6.2.4 Residue conservation of QseM and FseA 

A list of protein sequences similar to QseM was generated by a non-redundant 

blastp search (QseM sequence as query) using default settings. This list 

contained a total of 100 sequences with identify scores ranging from 100 to 

73.49%. Sequence alignment was carried out on this list, herein referred to as 

QseM homologues, and residue conservation was mapped onto the 6H-

QseM-NMR structure (Figure 6.9). Highly conserved residues clustered in H1 

(residues 27-43) and H3 (residues 76-87), which are in close proximity to each 

other in the structure. These residues may be critical to antiactivation function 

since they are mostly solvent exposed and are heavily conserved. The 

extreme N- and C-terminal ends, which appear disordered in the 6H-QseM-

NMR ensemble, had less residue conservation suggesting these regions may 

be less critical for QseM function. Interestingly, low residue conservation exists 

in the embedded area around H1, H2 and H3 (residues 40-80) despite having 

the greatest structural alignment between all 6H-QseM structures (detailed in 

chapter 5). However, the residues in this embedded area were often changes 

to chemically similar amino acids, which is expected if the overall structure of 

the protein was to be maintained.   

A much larger sequence alignment against QseM was created using all 

DUF2285 proteins identified by Pfam using default settings on Pfam (Pfam 

family ID PF10074) (http://pfam.xfam.org/). This sequence alignment, herein 

referred to as DUF2285 family, contained a total of 959 sequences aligned to 

QseM. Conserved residues were mapped on the 6H-QseM-NMR structure 

(Figure 6.10). Due to the larger range of sequences used, residue 

conservation was weaker compared to the QseM homologues; however, 

areas of conservation were still detectable, mostly existing as chemically 

similar, rather than identical residues. In general, these conserved areas were 

more apparent in the buried hydrophobic centre of the protein where H1, H2 

and H3 were in close contact. The surface-exposed residues were significantly 

less conserved than internal ones. The residue conservation suggests that 

DUF2285 domain of proteins likely share a similar structure that is built using 

similar residues. The N and C termini show the least residue conservation in 

the DUF2285 family sequence alignment. This result is in contrast to that of 
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the sequence alignment of just QseM homologues, where the C and N termini 

residues are significantly more conserved. This could mean that the residues 

on these termini are more likely associated with the conserved function among 

QseM homologues, not the HTH motif. The DUF2285 sequence alignment 

presents a residue conservation pattern that agrees with the 6H-QseM-NMR 

structure since areas which can accommodate residue changes, like those 

that are surface exposed, to have more freedom to change compared to those 

that are internalised.  

  



172 
  

  

MRGSHHHHHH GSKRKVQDEV PWSDSLTAYD NEHFTIYMRL LDASADDASE 

DEMAQLVLGI DPMREPERAR MAVRSHLDRA NWMVTTGYKE LFAR 

Figure 6.9: Residue conservation of QseM homologues. NMR structure 

(best representative from ensemble) coloured by conservation (high is blue, 

low is orange) from multiple sequence alignment of QseM homologues. 

Residue position with complete conservation have sidechains shown and are 

highlighted in the sequence presented (Thr27, Try29, Asp30, Try37, Leu40, 

Leu41, Asp42, Ala43, Asp61, Pro62, His76, Leu77, Arg79, Ala80, Trp82, 

Gly87).  
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MRGSHHHHHH GSKRKVQDEV PWSDSLTAYD NEHFTIYMRL LDASADDASE 

DEMAQLVLGI DPMREPERAR MAVRSHLDRA NWMVTTGYKE LFAR 

Figure 6.10: Residue conservation across the entire DUF2285 protein 

family. NMR structure (best representative of ensemble) coloured by 

conservation (high is blue, low is orange) from multiple sequence alignment of 

DUF2285 protein family. Residue position with highest conservation have 

sidechains shown and highlight in the sequence provided (Asp42, Ala54, 

Arg70, Try88). 
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6.2.5 Mutagenesis analysis of QseM and FseA 

Preliminary sequence alignment of several QseM homologues found in 

various species revealed substantial residue conservation (work done by 

Calum Morris, unpublished) (Figure 6.11). The QseM sequence of 

Sphingomonas sp. (SKA58, ICE1) appears most divergent compared to QseM 

from M. loti R7A, Stappia indica SBBC, Xanthobacter autotrophicus Py2 and 

Caulobacter sp. FWC2. Each QseM homologue antiactivation function tested 

against FseA and TraR of M. loti R7A. Many of these QseM homologues 

showed antiactivation function against FseA but none (aside from M. loti R7A) 

were able to antiactivate TraR. The QseM of Sphingomonas sp. (SKA58, 

ICE1) and, to a lesser extent, (SKA58, ICE2) are appear unable to antiactivate 

FseA.  

 

 

Figure 6.11: Preliminary sequence alignment of QseM homologues from 

various species. Sequences are aligned to QseM of M. loti R7A (residue 

position numbers correspond to the 6H-QseM sequence). Areas of high 

conservation can be observed between residues across the QseM sequence, 

in particular, regions 25- 29, 37- 43, 58- 61 and 75- 87.   
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Variants of qseM were constructed with single or double alanine substitutions 

of 28 residues that were highly conserved among QseM homologues. These 

were synthesised and cloned into overexpression plasmid pPR3. These 

expression vectors were subsequently transformed into the M. japonicum 

strain R7ANS (R7A cured of ICEMlSymR7A) carrying pSDzfseA, which 

expresses fseA by way of the Plac promoter and the lacZ gene from the FseA-

activated promoter PrdfS. QseM variants unable to antiactivate FseA result in 

β-galactosidase activity from PrdfS in M. japonicum strain R7ANS. Wild-type 

QseM abolished FseA-dependent β-galactosidase activity from PrdfS. 

Variants of qseM with identical alanine substitutions were cloned into 

expression vectors pBT. FseA was cloned into the expression vector pTRG. 

Both pBT and pTRG were transformed into an E. coli histidine auxotroph. This 

transformed strain was grown on medium lacking histidine. Strains with 

positive protein-protein binding between QseM variants and FseA grew 

significantly more than QseM variants that failed to bind FseA (normalised for 

background growth and compared to positive and negative controls). Similar 

lacZ and bacterial two-hybrid assays were conducted for QseM variants to 

detect their ability to antiactivate and bind TraR (Figure 6.12). Work completed 

by Calum Morris and Will Jowsey.  
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Figure 6.12: Summary of QseM residue substitution in function analysis. Data and figure produced by Calum Morris and Josh 

Ramsay. Alanine substitutions resulted in >90%, (yellow), 50>90% (orange), 10<50% (red) and <10% (black) binding or antiactivation 

of TraR or FseA relative to wild type QseM. Antiactivation function or protein-protein binding was assayed via bacterial two-hybrid or 

LacZ assays (Calum Morris, unpublished). 
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Analysis of residues isolated in substitution assays and subsequently mapped 

on the structure highlighted specific residues and structural regions that are 

likely to be critical to antiactivation function against FseA (Figure 6.13). These 

residues included Leu26, Thr27, Tyr29, Asp30, Tyr37, Arg39, Leu40, Leu41, 

Asp42, Asp61, His76, Leu77, Arg79 and Trp82. Of these, Asp30, Tyr37, 

Leu40, Arg79 and Trp82 were also critical for antiactivation against TraR 

(Figure 6.14). Of these residues, Arg79 and Trp82 appear surface exposed on 

the 6H-QseM-NMR structure. Furthermore, both these residues are highly 

conserved among QseM homologues.  

Overall, these results are in agreement with the NMR structure, as the 

residues 26-45 are in proximity with residues 76-90 and together strongly 

suggest that this area of the 6H-QseM structure is where binding takes place 

to for antiactivation to occur, unrelated to the HTH motif (Figure 6.15).  

In contrast, conserved residues in other regions of the protein appear to have 

no noticeable effect on function when substituted as an alanine. This matches 

with the NMR structure of 6H-QseM since it positions these ‘inconsequential’ 

residues on the surface, where mutations would not significantly alter the 

structure of the protein. However, it is also possible that the substitutions were 

mostly alanine and so in some cases they would not be expected to 

significantly disrupt hydrophobic areas and may not break its native structure 

if these substitutions were embedded in the structure. Similarly, alanine 

substitutions to residues located on the surface may not significantly disrupt 

surface charge to the point where loss of function is noticeable.
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Figure 6.13: Mapped alanine substitution results on 6H-QseM (antiactivation against FseA). Residues coloured by ability to 

knockout antiactivation function (red), reduce function (orange), and have no apparent effect on antiactivation function (green). A 

distinct concentration of residues required for antiactivation is present in half of the protein (H1 and C-terminal end of H3). 
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Figure 6.14: Mapping alanine substitution results on QseM structure (antiactivation against TraR). Residues coloured by ability 

to knockout antiactivation function (red), reduce function (orange), and have no apparent effect on antiactivation function (green). 

Compared to mutagenesis results regarding QseM against FseA, there appears to be far less residues critical to antiactivation. These 

critical residues are concentrated in roughly the same region as those critical to antiactivation of FseA.



180 
  

 

Figure 6.15: Overview of binding site and HTH motif of 6H-QseM. Regions critical to antiactivation and protein binding locations 

(red boxes) on both mutational analysis figure (A) and NMR structure (B). The HTH motif (green boxes) on both mutational analysis 

figure and NMR structure. It is evident that residues critical to antiactivation and binding are separate from the HTH motif. Section A 

generated by Calum Morris.  
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Analysis of a superimposed complete NMR ensemble was useful in highlighting 

residues with variable or consistent sidechain positioning. Residues that are 

internalised in the protein are likely to have a greater number of distance restraints 

and reduced steric freedom and are expected to appear in consistent positions across 

the 20-structure NMR ensemble. Residues that have low mobility yet appeared to be 

surface exposed are likely limited by distance restraints only. Critically residues 

include Leu26, Leu41, Asp42 and Trp82. These critical residues all appear somewhat 

surface exposed, conserved in QseM homologues and required for antiactivation of 

FseA. Additionally, these critical residues have minimal side-chain range of mobility 

across the entire 20-structure NMR ensemble, suggesting that their position is 

conserved within the QseM structure and thus further suggesting they are critical to 

antiactivation or protein binding. It’s possible that the Leu26 and Leu41 are necessary 

to sustain structure. The Asp42 is conserved for charge and contributes to the 

negatively charged surface area (described in Figure 6.16) which may be disrupted by 

an alanine substitution, potentially highlighting the critical importance of this negatively 

charged area either in function or maintaining structure. Finally, the Trp82 is a large 

residue, highly conserved in the DUF2285 and QseM homologues and is a common 

residue involved in extensive hydrogen bonding. It is likely that this particular residue 

may be of critical importance to function. Significant hydrophobic regions, supported 

by extensive distance restraints on the opposing side of the helix which Trp82 exists 

on, strongly suggests that it remains surface exposed. Residues Asp30, Tyr37, Leu40, 

Val73, His76 and Leu77 are conserved and have low mobility because they are 

internalised. These residues likely have no direct input to QseM’s antiactivation 

function, however, they may be critical to maintain specific protein structure which may 

contribute to residue positioning and surface motifs necessary for function.  

Residues Thr27, Tyr29, Arg39, Asp61 and Arg79 are conserved, surface exposed and 

apparently critical to antiactivation function against FseA (Figure 6.17). Arg76 is of 

particular interest since it is in close proximity to Trp82, a residue already flagged as 

being potentially critical to antiactivation against both FseA and TraR.   
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Figure 6.16: Conserved residues of 6H-QseM likely associated with 

antiactivation (low mobility). Resides shown have low sidechain variance within the 

ensemble. Residues Leu26, Leu41, Asp42 and Trp82 are surface exposed and may 

be critical to antiactivation function. Mobility can be observed by higher positional 

range the sidechains can exist in.  

 

Figure 6.17: Conserved residues of 6H-QseM likely associated with 

antiactivation (high mobility). All residues are conserved with extensive steric 

freedoms and are surface exposed. Mobility can be observed by higher positional 

range the sidechains can exist in.  
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Not tested, but of interest were residues Met38 and Met83 (Figure 6.18). Both are 

solvent exposed, are residues commonly involved in protein-protein interactions and 

share a similar surface space with the Trp82. Compared to the Trp82, both Met 

residues have more mobility, however they are conserved with in the QseM 

homologues and create a distinct surface space that may be the critical interface for 

binding and inhibiting both FseA and TraR. Met83 is conserved in all QseM 

homologues except Sphingomonas sp. (SKA58, ICE1), as previously noted, is unable 

to antiactivate FseA and has an isoleucine in this position instead of a methionine. 

This suggests that Met83 may participate in antiactivation.  

 

 

Figure 6.18: Surface-exposed conserved residues of 6H-QseM likely required for 

antiactivation, Trp82, Met38 and Met83. Residues Met38, Trp82 and Met83 are 

displayed in all structures of the NMR ensemble. Mobility can be observed by higher 

positional range the sidechains can exist in.  

 

Similar to Met83, a similar observation is seen with residue Arg39, which is conserved 

in all QseM homologues except Sphingomonas sp. (SKA58, ICE1). This particular 

residue has high mobility as seen in Figure 6.18 and is in proximity to the hydrophobic 

Met38 and Thr35 which may contribute to protein-binding (Figure 6.19). The proximal 

Asp42 and Ala43 are highly conserved, with possibility the Arg39 and Asp42 may form 

part of a salt-bridge exchange for protein-binding, however the Ala43 is likely more 
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necessary for maintaining the consistent ‘core’ helix motif described in 5.2.5. Aside 

from Leu41, all other remaining residues of the highly conserved 37-YMRLLDA-43 

region of 6H-QseM appear to be embedded and reinforce the surface exposed 

positioning of Met38, Arg39 and Asp42.  

 

 

Figure 6.19: Residues Arg39 and Asp42 in the 6H-QseM NMR ensemble. Surface 

exposed residues Met38, Arg39 and Asp42 may be critical for antiactivation function.  

 

Additionally, on the opposite end of the 6H-QseM, Asp61 is surface exposed and 

necessary for antiactivation against FseA (Figure 6.20). Both Asp61 and Pro62 are 

conserved among all QseM homologues, however alanine substitution of only Asp61 

appeared to interfere with antiactivation function. It is likely that the Pro62 is conserved 

to maintain secondary structure as a common alpha helical initiator or terminator, 

however the alanine substitution may not severely disrupt this function and resulted in 

no obvious effect on function. The neighbouring Gly59 is also conserved in all QseM 

homologues except Sphingomonas sp. (SKA58, ICE1). It is likely this residue is 

conserved to either minimise steric effects, maintaining specific structure motif or to 

correctly position the apparently critical Asp61 surface exposed for antiactivation 

function. Similar to Asp42, it is possible that Asp61 may form salt bridges for protein-

protein binding or contribute in antiactivation in some other way.  
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Figure 6.20: Residues of 6H-QseM likely required for antiactivation, Gly59, 

Asp61 and Pro62. Asp61 is surface exposed and necessary for antiactivation against 

FseA.   

 

Due to purification difficulties of FseA as outlined in chapter 3, we were unable to utilise 

15N HSQC profile of 6H-QseM to highlight residues likely critical to binding with FseA. 

This 15N HSQC profile would likely show chemical shift in residues on 6H-QseM that 

are directly interacting with FseA. We would expect those residues with chemical shift 

changes to overlap between residues highlighted in the mutagenesis analysis, 

however, additional residues may be revealed, like the suspected Met38, Arg39 and 

Asp42. It may also show some residues that have been determined critical to function 

in the mutagenesis assays but don’t have chemical shift changes because they are 

for structural purpose rather than directly interacting with FseA.   
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6.3 Conclusion: 

We have shown that 6H-QseM contains three alpha helices (H1, H2, H3) with a HTH 

motif existing between H2 and H3. This HTH motif is associated with DNA-binding 

proteins like transcriptional activators. QseM antiactivates FseA, a transcriptional 

activator, and both proteins belong to the DUF2285 protein family. Structural 

predictions of FseA indicate the DUF2285 domain containing portion of FseA (residues 

196-266) shares high structural similarity with all generated models of 6H-QseM. 

Residues critical to DNA binding by FseA are located on its HTH motif (Will Jowsey, 

unpublished). Both proteins display a HTH motif, however, the ‘turn’ in FseA is much 

larger than that of QseM. The surface charge of the DUF2285 portion of FseA which 

includes the HTH motif is also predominantly positive. However, QseM has an overall 

neutral surface charge, with a slightly more negative surface charge area located 

around the H1 and H2 connection (residues 42-52) that would normally be associated 

with DNA binding by a protein with a HTH motif. We concluded that the differences in 

the ‘turn’ feature and surface charge between QseM and FseA critically influence their 

ability to interact with DNA. 

Mutagenesis work on QseM was completed by Calum Morris and mutagenesis work 

on FseA was completed by Will Jowsey. Targeted single residue mutations of both 

QseM and FseA were tested for function using bacterial two-hybrid and lacZ assays. 

A region on QseM where protein binding likely occurs was identified based on a 

concentrated number surface exposed residues critical to antiactivation function. 

Specifically, TraR antiactivation is abolished when residues Asp29, Tyr37, Leu39, 

Arg79, Trp82 are substituted to alanine. FseA antiactivation is abolished when Arg38, 

Leu39, Asp42, Trp82 are substituted to alanine and significantly reduced when Leu26, 

Thr27, Asp29, Tyr37, Leu40, Asp61, His76, Leu77, Arg79 are substituted to alanine. 

Many of these residues that significantly reduce FseA antiactivation have no 

observable effect on QseM’s ability to antiactivate TraR. A number of alanine 

substitutions outside of this suspected binding-site also resulted in knocking out 

antiactivation function, however, when mapped on the NMR ensemble, it became 

apparent that these are likely required to maintain structure, which could be affected 

during these substitutions. None of the residues determined to be critical to the 

antiactivation function of QseM are associated with the HTH motif. Since a greater 

number of QseM’s residues appear to be critical to antiactivate FseA instead of TraR, 
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there is a possibility that QseM has evolved to primarily antiactivate FseA and gained 

antiactivation of TraR as a secondary function. This is supported by the observation 

that QseM antiactivates FseA to a greater effect than that of TraR (Calum Morris, 

unpublished).  

Substitution assays are not complete, with the majority that have been done being 

limited to alanine substitutions. There is potential to use the generated 6H-QseM 

structures to direct further substitutions. These include targeting residues that are in 

proximity to the already flagged critical residues, Trp82, Arg39 and Asp61. By 

successfully guiding experimental work based on our structure and generating 

expected results, we may also reinforce the validity of the 6H-QseM structure. Future 

experimental work should also include co-crystallisation of QseM bound to either FseA 

or TraR. This method was employed for both QslA and TraM to demonstrate their 

mechanism of antiactivation against their respective target proteins.  

Although the HTH motif is heavily investigated to date, we note that some variations 

to the HTH exist. An example of this is the Q antitermination factor of E. coli as 

discussed in this chapter. The ‘turn’ component of most HTH motifs often exists as a 

simple short chain loop between antiparallel α-helices, instead Q antitermination factor 

incorporates additional secondary structure comprising two antiparallel β-sheets in 

making it novel. Similarly, the HTH of DUF2285 in FseA and QseM has an extended 

turn relative to many other HTH motifs (as observed by DALI structure alignments). 

But unlike Q antitermination factor, the extended turn of DUF2285 is only a loop in 

QseM, and more strikingly, a small α-helix in FseA. This shows that the HTH of 

DUF2285 is novel in structure. It is also likely that the significant variations to the turn 

between QseM and FseA is critically relevant to functional discrepancy of the 

DUF2285 in FseA being able to bind DNA whereas the DUF2285 in QseM is not. It 

may be that FseA is a more accurate representation of DUF2285 since it also more 

closely resembles RovC, a distant DUF2285 relative. To that end, we conclude that 

QseM is an evolutionarily paralog of FseA with a DUF2285 with a novel HTH motif that 

is incapable of binding DNA that functions as an FseA antiactivator.    
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Chapter 7: 
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conclusions 
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Several LuxR/I-homologue QS systems have evolved antiactivation proteins like TraM 

and QlsA that bind and inhibit LuxR proteins. Antiactivators prevent their 

transcriptional activators from activating transcription from target promoters. The QS 

system of M. loti R7A encodes an antiactivator, QseM, that binds and inhibits two 

different transcriptional activators, TraR and FseA. The work presented in this thesis 

has detailed attempts to solve the structure of QseM by X-ray crystallography and 

NMR and investigate the structure of QseM in conjunction with residue-mutagenesis 

results completed by collaborators. Our findings have revealed QseM to contain a 

unique HTH motif. The QseM protein shares sequence similarity and structural 

similarity to the predicted DUF2285 domain of FseA. However, QseM lacks a 

significantly positively charged surface in the HTH region characteristic of DNA-

binding proteins. Mutagenesis by colleagues revealed that substitutions in amino acids 

core to the structure of QseM abolished function as expected but substitutions in 

residues surrounding the ‘turn’ region and possible DNA-recognition helix of the QseM 

structure had little impact on antiactivation of TraR and FseA. Instead, substitutions in 

the exposed Asp31 and Trp71, at the opposite side of the intersection between H1 

and H3 were critical for QseM antiactivation and binding to both TraR and FseA. In 

summary, QseM while resembles a HTH motif in structure it seems unlikely to be a 

DNA-binding protein and likely uses the opposite side HTH structure to interface with 

both TraR and FseA. 

  

We found that 6H-QseM could be expressed and purified, with purity and yield to levels 

required for X-ray crystallography and NMR. This includes 6H-QseM with incorporated 

L-selenomethionine and 13C/15N enrichment. 6H-QseM was purified and concentrated 

for NMR and crystallisation experiments. Future experiments involving purified QseM 

constructs may benefit from further buffer optimisation to either improve crystallisation 

or increase the apparent solubility limit for increased protein concentration or 

experimental runtime available for NMR data collection. Removal of the 6H tag of 

QseM was discussed in chapter 3 but was not thoroughly investigated. Modification of 

the QseM construct applied to crystallisation screens is likely to have significant effects 

on crystal formation conditions and morphology. Future crystallisation attempts with 

QseM should extend to a more focused attempt at tag removal, changing attachment 

from the N-terminal to the C-terminal of QseM. Further experiments with QseM in 

solution should include analytical SEC to provide stochiometric information of QseM 
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or QseM+FseA or QseM+TraR samples and complement attempts to solve the 

structure of QseM bound to FseA or QseM. Similarly, isothermal titration colometry 

(ITC) and microscale thermophoresis (MST) are comparatively simple experiments to 

attempt in combination with analytical SEC. 

Despite belonging to the same DUF2285 family as QseM, FseA proved to be difficult 

to express and purify. Quantities of stable FseA protein required for X-ray 

crystallography were unattainable, however, improvements to FseA purification 

methods subsequently revealed FseA to purify as a dimer (Will Jowsey, unpublished). 

Further attempts at purified FseA should include creating fusions with other tags like 

glutathione S-trasferase (GST), green fluorescent protein (GFP) or thioredoxin (Trx), 

changing the tag fusion site or expressing the N- and C- terminal domains of FseA 

separately. Since QseM and the C-terminal domain of FseA are both DUF2285 

members of similar size, the FseA DUF2285 domain may more closely behave like 

QseM during expression and purification. Crystallographic structure determination of 

the FseA DUF2285 domain may succeed where QseM did not and could further add 

to structural characterisation of the DUF2285.  

Only one crystal morphology was observed for 6H-QseM. One condition was 

optimised to give the best diffracting 6H-QseM crystals. We were unable to solve the 

structure of 6H-QseM by X-ray crystallography, with the primary reason being 

attributed to poor diffraction data. It appeared that Se incorporation was present based 

on collected anomalous signal, however, this anomalous signal was not as strong as 

expected. Diffraction data quality was negatively impacted by a several factors. As 

crystallisation was optimised, diffraction resolution increased, however, higher 

resolution revealed evidence of crystal-splitting or multiple crystals being present 

within a single dataset. These crystal flaws likely reduced anomalous signal strength 

and negatively impacted the overall diffraction data collected. Occasional instances of 

lower symmetry space group indexing within the higher resolution SeMet-optimised 

datasets. It is likely that this lower symmetry indexing may have occurred from 

difficulties determining systematic absences in these datasets. The corresponding 

lower symmetry may have resulted in false positive twinning results.  

Ultimately, a structure was not solved via X-ray crystallography using anomalous 

diffraction data. Further attempts were made to solve the structure using predicted 
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models of 6H-QseM by molecular replacement also failed to produce a solution. 

Failure using predicted phase information reinforced the theory that crystal 

morphology may be the primary issue or that protein prediction methods were not 

accurately modelling QseM. Further attempts at crystallisation of QseM, in conjunction 

with modifications to constructs expressed and purification considerations discussed 

in 7.1, require re-screening crystallisation conditions. Generation of different crystals 

with similar or different morphologies could give overall better diffraction data and 

perhaps reduce issues observed with 6H-QseM crystals generated in this thesis. 

Further attempts should be made to crystallise QseM homologues, FseA, the FseA 

DUF2285 domain, FseA homologues or some other DUF2285 protein. A successful 

crystal structure from any of these proteins may contribute to our understanding of 

QseM, FseA, or other proteins containing DUF2285 domains. Successful 

crystallisation of QseM of FseA may also be the catalyst for co-crystallisation of both 

proteins bound, revealing details regarding the binding-interface of QseM.  

We determined that 6H-QseM was a suitable candidate for collecting NMR data based 

on its stability in low ionic strength buffers and protein concentrations amendable to 

protein NMR experiments. Initial NMR experiments focused on backbone assignment 

before attempting full sidechain proton assignment required for subsequent structure 

generation. The X-ray crystallography data could not be phased using this structure. 

This was not improved by using ROSETTA to refine the initial NMR ensemble.  

Our NMR-derived structure, 6H-QseM-NMR, was structurally similar to co-evolution 

(6H-QseM-CoEvo) and CS-ROSETTA (6H-QseM-CSROSETTA) predicted structures. 

All three methods generated structures of 6H-QseM that have three alpha helices (H1, 

H2, H3) between residues 26 and 82 with a HTH motif spanning the H2 and H3. The 

agreement between all three solution structures suggests that the true structure of 

QseM is likely a triple-helix protein with a HTH motif with all three helices in the 

orientations determined in this thesis. Structural variations exist in the extreme termini 

and either remain poorly defined or are highly mobile elements of the protein and are 

of less significance regarding structure determination. Additionally, 6H-QeM was 

determined to be monomeric in solution by NMR and SAXS data. However, this does 

not imply that QseM is not capable of forming a homo-complex during antiactivation 

as observed with the characterised antiactivators, TraM or QslA.  
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Further NMR experiments should build off the annotated 15N HSQC of 6H-QseM. 

Titration of FseA or TraR+HSL into an NMR sample containing 6H-QseM would likely 

result chemical shifts of atoms associated with residues in QseM that are in contact 

with either FseA or TraR. It would be expected that these chemical shifts will correlate 

with residues already established as critical for antiactivation, however, additional 

residues may also be revealed. 

 

Based on investigation of the structure of 6H-QseM, we can make some final 

observations. The first is that conservation of residues between QseM and all 

DUF2285 domains identified by Pfam seem to be mostly associated with maintaining 

structure, specifically, a HTH motif that may exist in all DUF2285 domains.  

Secondly, there is very low conservation of residues that are solvent exposed on the 

6H-QseM-NMR structure. Importantly, this low conservation is shown when looking at 

alignments of all proteins across the DUF2285 family, however, some of these solvent 

exposed residues were revealed to be conserved when only QseM homologues were 

aligned. Residues conserved within the sub-group of only QseM homologues are likely 

related to the specific function of QseM and its homologues. This is in agreement with 

our proposed binding-site location on 6H-QseM-NMR. 

Thirdly, three distinct regions of 6H-QseM structure were flagged as being important 

to antiactivation function. Mutagenesis analysis of QseM in protein-protein assays 

found residues Leu26, Thr27, Asp29, Tyr37, Arg38, Leu39, Leu40, Asp42, Asp61, 

His76, Leu77, Arg79, Trp82, are critical to antiactivation against FseA and TraR 

(determined by Calum Moris and Will Jowsey, unpublished work). These were mapped 

on the 6H-QseM structure revealing a likely protein binding site required for 

antiactivation (Figure 7.1). Neighbouring this was a region of significant negative 

surface charge which may be critical to binding FseA and TraR or disrupting the DNA 

binding of either of these.  
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Figure 7.1: Overall observations of newly determined 6H-QseM structure. 

Structure ensemble generated via CYANA with N-terminal tag residues 1-10 removed. 

(A) Ensemble coloured by secondary structure (helix as cyan, coil as magenta). 

Residues 11-18 and 83-94 are discorded (yellow). The overall structure contains 3 

helices (H1, H2 and H3). (B) The H2, Turn and H3 form a helix-turn-helix motif. The 

best representative structure of the ensemble is shown. (C) A surface model of the 

best representative structure is shown with a prominent negatively charged surface at 

the C-terminal end of H1 and the coil leading the H2. (D) Residues critical to 

antiactivation against FseA (red) are shown and present a likely FseA/TraR binding 

face that spans H1 and the C-terminal end of H3.    

Finally, structural alignment of results from DALI and COFACTOR suggests that QseM 

and other DUF2285 members are most closely related to DNA binding proteins. This 

is in agreement with FseA being a transcriptional activator and may suggest that QseM 

has lost its DNA-binding function during evolution. A co-evolution-derived structure 

prediction of FseA was generated by Will Jowsey. The DUF2285 domain of FseA 

contains a similar triple-helix motif between residues 196-266, also displaying a HTH 
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motif. The ‘turn’ of this HTH motif in FseA is extended and contains an additional small 

helix. Our research suggests that the DUF2285 is a domain that contains a novel HTH 

motif for transcription regulation within the Alphaproteobacteria phylum.  

The means by which QseM antiactivates FseA has not been explicitly defined, 

however, a theory can be extrapolated from the findings of this thesis. Both QseM and 

the DUF2285 domain of FseA likely bind the N-terminal domain (Msi172) of FseA. A 

FseA homodimer may form when the C-terminal domain of one chain binds the N-

terminal domain of the other. However, QseM could prevent this dimerisation by 

binding the N-terminal domain of FseA. If FseA is unable to dimerise it may be unable 

to function as a transcriptional activator since many transcriptional regulators often 

require a dimerised state do successfully dock to their respective DNA target 

sequences (Figure 7.2).  

QseM targets TraR in the presence of its signal molecule, 3-oxo-C6-HSL. It is 

presumed that TraR is in a dimer state when this signal molecule is present, therefore, 

QseM only binds a TraR homodimer. Extremely similar residues in QseM are required 

for the binding and antiactivation of both FseA and TraR and thus that the binding face 

of QseM is the same for both, however, the site on TraR where this face docks remains 

elusive. 

To conclude, structure determination of QseM by NMR revealed the DUF2285 domain 

to be a HTH motif capable of antiactivation or, as is the case of FseA and RovC, 

promote gene transcription. Discrepancy in function between these proteins is likely 

attributed to distinct structural changes to the HTH motif. This thesis has set the scene 

for further investigation of the dual-target antiactivator QseM and provide insight into 

the structure and function of the DUF2285 domain.  
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Figure 7.2: Proposed antiactivation method of QseM. QseM (green) prevents 

FseA forming a dimer capable of promoting gene expression for ICE excision and 

transfer. How QseM binds TraR is not known, however, it only targets TraR in a 

dimer state.  
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