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Abstract 

Staphylococci and streptococci form microbial accumulations, defined as biofilms, on in-

dwelling medical devices or damaged tissue. Biofilms are implicated in serious infections, 

such as infective endocarditis, with a mortality rate of 30%. Cell wall-anchored (CWA) 

proteins, containing a repetitive B region that putatively projects a functional A region from 

the bacterial surface, mediate biofilms, independent of other mechanisms. This highlights 

the need to better understand the mechanism of biofilm formation/accumulation by CWA 

proteins.  

Staphylococcus aureus surface protein C (SasC) mediates biofilm accumulation, but the 

structure and function of the B region, containing domains of unknown function 

(DUF1542), remains undetermined. SGO0707 from Streptococcus gordonii mediates 

surface adhesion putatively via its A domains; the function of the B region remains 

unknown. Here, the B regions of SasC and SGO0707 are biophysically characterised and 

their ability to form elongated stalks is assessed. 

Work presented in this thesis enables the redefinition of the domain boundaries for the 

repeats comprising the B region of SasC and renaming these as DUF1542 rigid extracellular 

surface structural (DRESS) domains. Tandem DRESS domains have tightly connected inter-

domain interfaces that are essential for tandem domain stability and which mediate long-

range stability. Importantly, DRESS domains form an extended, rigid rod and have 

remarkable mechanical stability, compared to other helical proteins. 

The B region of SGO0707 comprises SGO0707 high identity repeat tandem (SHIRT) domains 

with an extended tandem domain architecture, determined prior to this work. Here, SHIRT 

domains are shown to lack flexible loops and notably, the linker between SHIRT domains 

has limited flexibility, implying that tandem SHIRT domains have an extended, rod-like 

conformation in solution. 

Importantly, both domain architectures form a rigid rod, suggesting their ability to project 

the functional A region from the cell surface. Thus, staphylococci and streptococci have 

both evolved structurally distinct stalks-like CWA proteins to mediate biofilms.  
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Samenvatting 

De Gram-positieve bacteriën staphylococci en streptococci kunnen een opeenhoping van 

micro-organismen vormen op niet-lichaamseigen materialen, zoals implantaten. Deze 

opeenhopingen heten biofilms en veroorzaken ernstige infecties, zoals een infectie op de 

hartkleppen, wat in 30% van de gevallen leidt tot overlijden. Eiwitten op het celoppervlak 

bevatten een repetitieve middenregio die het functionele deel wegprojecteert van het 

celoppervlak. Zo kunnen ze biofilms veroorzaken en vergroten. Dit geeft de noodzaak aan 

om het mechanisme waarop deze biofilm-vormende eiwitten werken, te onderzoeken. 

SasC is een biofilm-vormend eiwit van Staphylococcus aureus, een bacterie die wordt 

aangetroffen bij een op drie mensen. Het heeft een repeterend deel met domeinen 

(DUF1542) waarvan de structuur en functie onbekend zijn. SGO0707, een eiwit van 

Streptococcus gordonii, vormt biofilms met het functionele deel, maar de functie van 

repetitieve deel (SHIRT domeinen) is ook onbekend. Dit proefschrift onderzoekt of de 

repetitieve regio’s van beide eiwitten een staafachtige architectuur hebben, die het 

functionele deel van deze eiwitten wegprojecteert van het celoppervlak. 

Dit werk bepaalt het correcte begin en einde van de repeterende eenheid in SasC en 

ontdekt hun structuur, wat het mogelijk maakt om DUF1542 te hernoemen naar DRESS. 

Dubbele DRESS domeinen hebben een stevig, gesloten oppervlak dat essentieel is voor hun 

stabiliteit. Ondanks hun karakteristiek zwakke secundaire structuur, hebben ze een 

uitgestrekte, rigide architectuur en zijn ze mechanisch verbazingwekkend sterk, in 

verhouding tot vergelijkbare eiwitten. 

In de al beschreven structuur van dubbele SHIRT domeinen ontbreekt een oppervlak, wat 

de hypothese van een uitgestrekte architectuur in twijfel trekt. Dit werk toont aan dat 

SHIRT domeinen ondanks dit kleine oppervlak toch een gelimiteerde flexibiliteit hebben, 

wat suggereert dat ze ook uitgestrekt en rigide kunnen zijn in een repetitieve regio. 

Beide repetitieve regio’s met een verschillende secundaire structuur kunnen een rigide, 

staafachtige architectuur aannemen, die kan wijzen op hun functie om het functionele deel 

van deze eiwitten weg te projecteren van het celoppervlak. Extracellulaire eiwitten van 

staphylococci en streptococci zijn dus geëvolueerd met verschillende repetitieve 

structuren om biofilms te kunnen vormen. 
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Chapter 1. Introduction 

1.1 Staphylococcus aureus 

Staphylococcus aureus is an opportunistic, Gram-positive bacterium. A reduction in 

hospital-associated infections by S. aureus has been achieved in recent years in developed 

countries1, among other factors due to good hygiene practice2. Community-associated 

infections caused by S. aureus are also currently in decline, following a peak in infections 

around 20073. Despite this reduction in prevalence in infections, S. aureus remains the 

major causative pathogen of prosthetic joint infections (27%)4 and infective endocarditis 

(25-30%)5,6, an infection of the heart valves7 with an associated mortality rate of 30%6. This 

highlights the relevance to understand more about the mechanism of infection, that 

involves microbial adhesion and accumulation into biofilms8. 

Mostly, S. aureus is present in the nose9 and the persistent nasal carriage rate of S. aureus 

was around 30% in humans in 201810. Carriage of S. aureus is strongly associated with an 

increased risk of infection11 and this poses a major burden on modern healthcare12,13. S. 

aureus can cause a wide range of infections, including but not limited to infective 

endocarditis7, infections on in-dwelling medical devices4,7 or aggressive periodontitis14. 

1.2 Streptococcus gordonii 

Streptococcus gordonii, a member of the Viridans Group Streptococci15, is a Gram-positive 

bacterium normally present among ~700 other bacterial species in the oral cavity16. Here, 

it initiates the formation of dental plaque17, a multispecies community in which various 

bacterial species interact closely with each other18,19. S. gordonii employs streptococcal 

surface proteins to adhere to the salivary layer on the teeth and damaged epithelial tissue 

throughout the body20,21. The latter binding ability renders S. gordonii capable of causing 

infective endocarditis22,23. Incidence of infective endocarditis by S. gordonii was 13% in 

199322,24. More recently, the Viridans Group Streptococci have been overtaken by S. aureus 

as the leading cause of infective endocarditis6. Nevertheless, the overall mortality rate of 

infective endocarditis is around 30%6, highlighting the need to better understand the 

mechanism of infections for both bacterial species. 
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1.3 Cell wall-anchored (CWA) proteins 

1.3.1 Domain organisation 

CWA proteins are abundant on the surface of Gram-positive bacteria8. At least two classes 

exist, where one is characterised by the peptidoglycan (PG) anchoring motif LPXTG25 or 

NPQTN26, where X encodes any amino acid27. Another class appears anchorless and 

associates with the cell surface by unknown mechanisms28. The proteins under study in 

this thesis are from the LPXTG class and briefly, they comprise a similar domain 

organisation, with an N-terminal signal sequence for secretion, a functional A region, a 

repetitive B region and the LPXTG sorting motif (Figure 1.1)29,30. It should be noted here 

that the A and B designations do not infer sequence similarity; rather, they refer to 

different architectural parts of CWA proteins. 

In the literature, the classification of CWA proteins is based on structural and functional 

considerations29, where the largest class comprises the microbial surface component 

recognising adhesive matrix molecules (MSCRAMM) family30. Here, CWA proteins are 

organised in different classes, based on the architecture of the B region (Figure 1.1). An 

example of a protein architecture is provided per class, where the “rod-like” property is 

represented by S. aureus surface protein G (SasG), the “beads-on-a-string” property by S. 

aureus protein A (SpA), the “aspartate-serine” property by clumping factor A (ClfA), the 

“disordered” property by fibronectin binding protein A (FnBPA), the “non-repetitive” class 

by iron-regulated surface determinant B (IsdB) and the “mixed” property by serine-

aspartate repeat protein E (SdrE). Proteins S. aureus surface protein C (SasC) and SGO0707 

are the subject of study in this thesis and cannot be assigned to a class yet. 
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Figure 1.1: Schematic of the domain organisation of several LPXTG-containing CWA proteins. Top: 
the colour of the boxes matches specific regions in CWA proteins. If a B repeat consists of multiple 
domains, this is indicated by lines above the B region. Regions are drawn to relative scale according to the 
number of residues. 

1.3.1.1 A region and functions of CWA proteins 

The A region is defined as the most N-terminal region in the architecture of CWA proteins, 

following the secretion signal29,30. While the sequence of the signal peptides is mostly 

conserved in CWA proteins (see sections 1.3.3 and 1.3.4), the sequences of A regions 

vary31. This is reflected in the diversity that is observed in structure and function of the A 

region. Here, functions of the A regions are underlined and some structural examples of 

parts of the A regions are provided.  

The second domain of the A region of IsdB binds haem (Figure 1.2D)32,33. Bacteria require 

iron for virulence, yet free iron in the host is very limited34. Therefore, iron uptake is an 

important function of CWA proteins. S. aureus lyses erythrocytes, releasing haemoglobin34. 

The family of near iron-transport (NEAT) proteins has strong binding affinity for 

haemoglobin; for example, the binding affinity of IsdB for haemoglobin is 0.42 μM35, and 

comprises a well-described pathway to obtain iron34,36. 

The N2-N3 domains of SdrE (Figure 1.2A) bind to complement factor H as an immune 

evasion strategy37. Usually, neutrophils of the host immune system eliminate invading 

bacterial cells38. In this strategy, bacterial CWA proteins bind to host molecules, to disguise 

themselves as host cells and lower bacterial killing by the host immune system39. Other 

examples of a CWA proteins with immune evasion properties are SasX40, with an unknown 

mechanism, and the five three-helix bundles of SpA binding antibodies41. 

Mixed SdrE (S. aureus)

Non-repetitive IsdB (S. aureus)

B region 

property

Rod-like SasG (S. aureus)

Example
Secretion 

signal

A 

region

Ser-

Asp 

region

Cell 

wall 

anchor 

B 

region

Other 

domains

Beads on a string SpA (S. aureus)

SasC (S. aureus)?

SGO0707 (S. gordonii)?

Asp-Ser ClfA (S. aureus)

Disordered FnBPA (S. aureus)
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SpA presents an example of a CWA protein with an interesting domain architecture. SpA 

was the first CWA protein of S. aureus to be reported42 and it contains five repetitive 

sequences that bind antibodies43. The A region of SpA (Figure 1.2E) lacks a typical β-sheet 

rich IgG-like fold that is observed in many other CWA proteins (Figure 1.2A-D). Instead, the 

domains form three-helix bundles, connected by flexible linkers44,45. Here, the repetitive 

domains of SpA are interpreted as a hybrid merging the functionality of the A region with 

the repetitive architecture of the B region. 

Many CWA proteins are involved in various aspects of adhesion, with a potential for 

virulence29,30. This includes adherence to proteins in the host extracellular matrix (ECM), 

such as fibronectin and fibrinogen, collagen and elastin. The N2-N3 domains of FnBPA 

(Figure 1.2B) bind fibrinogen46 and disordered repeats in the B region of FnBPA bind 

fibronectin47 (see section 1.3.1.2). SpA binds, among other things, the heavy and light 

chains of host antibodies48 and the von Willebrand factor49, present at sites of endothelial 

damage. Some CWA proteins mediate adherence to specific receptors on host cells, such 

as serine-aspartate repeat protein D (SdrD) to desmoglein 150. Other proteins mediate 

adhesion to abiotic surfaces via hydrophobic interactions, such as serine-aspartate repeat 

protein C (SdrC)51. Cell-cell interactions can be mediated by the B regions of SasG and SdrC 

(see section 1.3.1.2). Finally, collagen adhesin (Cna) has immunoglobulin G (IgG)-like 

domains N1 and N2 domains (Figure 1.2C) that bind collagen52, the most abundant protein 

in the human body53,54. Adhesion of CWA proteins is a major contributor to the formation 

of bacterial aggregates causing infections, defined as biofilms (see section 1.4)8,29,30. 
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A. B. C. D. E. 

 

Figure 1.2: Crystal structures of A regions of CWA proteins. Models blended from N (blue) to C 
(red). A. N2-N3 of SdrE (Protein Data Bank (PDB) entry 5ihw)55. B. N2-N3 of FnBPA (PDB 4b5z)46. C. 
N1-N2 of Cna (PDB 2f6a)52. D. N1-N2 of IsdB with in beige, the α subunit of haemoglobin (αHb; PDB 

5vmm)32. E. SpA domain C (PDB 4npd)56. Image was created using CCP4mg. 

1.3.1.2 B region 

Many CWA proteins comprise repeats in the B region that are proposed to serve a 

structural role in spatially separating the (putatively) functional A region from the cell 

surface29,30,57,58. Different architectures of B regions are present in the literature, on which 

the classification system of CWA proteins is based that is used in this thesis. In this section, 

an example is described from each class. 

Rod-like: SasG 

The B region of SasG contains G5 domains of 78 residues, separated by E domains of 50 

residues59. Together, E and G5 domains form a B repeat, with a pairwise sequence 

conservation of 90-100%59. The repeat number varies from three to ten60. G5 domains fold 

independently into flat, highly elongated β-sheets and in the presence of folded G5 

repeats, the E domains fold cooperatively from an intrinsically disordered state into a 

mechanically stable domain57. In isolation, E domains are disordered59. The interface 

contributes to the stability of the E domains and the folding dependence of the E domains 

generates long-range cooperativity and stability across the B region of SasG57,59. The B 

region of SasG has been proposed to mediate biofilm accumulation through dimerisation 

in the presence of zinc ions61. 
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Beads on a string: SpA 

The “beads-on-a-string” model is representative for repetitive regions, whose individual 

domains are monomeric and represented by beads, attached to a more flexible chain of 

amino acids62. The hybrid A/B region of SpA contains five triple-helical bundles that are 

connected by flexible, conserved linkers (Figure 1.2E)56. The stability of the bundles is 

thermodynamically decoupled and increases from the most N- to the most C-terminal 

domain56,45.  SAXS analysis revealed that the flexibility of the linkers allows description of 

the triple-helical bundles as being connected by flexible linkers in a beads-on-a-string 

mode45. Following the triple-helical bundles, SpA contains a variable number of 

octapeptide repeats with the sequence KPGKEDGNK (Universal Protein Resource (Uniprot) 

entry P02976)29 with approximately 83% sequence identity (Protein family (PFam) 

database accession number P02976). This is followed by a lysin motif, thought to be 

involved in binding to extracellular polysaccharides, such as the main chain of PG (see 

Figure 1.6A). Currently, no function is proposed for the octapeptide repeat region of SpA.  

Asp-Ser: ClfA 

The B region of ClfA contains an aspartate-serine repeat region comprising 156 DS repeats. 

The first 33 repeats contain some sequence divergence at the serine or aspartate position, 

such as DP, GS, AS and DN. The following 108 repeats have a conserved sequence of DS. 

The final 15 repeats of the repetitive region again show some sequence divergence, this 

time in the aspartate position, containing the sequences AS, SS, ES, NS and VS (Uniprot 

entry Q2G015). The B region of ClfA is predicted to lack secondary structure29, it contains 

many negatively charged residues and comprises ~1
3⁄  of the primary sequence, lowering 

the theoretical pI of ClfA to 3.2263. 

Disordered: FnBPA 

The B repeats of FnBPA are intrinsically disordered and six of the eleven repeats fold upon 

binding to fibronectin47. Repeats are connected by coil structures that might allow FnBPA 

to flexibly bind multiple fibronectin molecules47. With ~40 residues, the repeats are short 

and have an average pairwise sequence identity of ~24%47. 

 



39 
 

Non-repetitive: IsdB 

IsdB from the NEAT family does not contain a repetitive region C-terminal to the functional 

A domains. Instead, the regions flanking iron-scavenging domains comprise 15-70 

hydrophilic and charged residues, with low sequence conservation36. This might be to 

reduce cell surface hydrophobicity29. 

Mixed: SdrE 

SdrE comprises three repetitive domains in the B region, followed by ~130-170 Asp-Ser 

repeats, prior to the characteristic cell wall attachment motif64. The repetitive domains 

have an increasing sequence conservation from 42% (B1) to 95% (B3)64. All repetitive 

domains rely on Ca2+ binding for folding65. Based on the structure of B1 from SdrD, 

comprising five repetitive domains, the B region has a proposed function as spacer and 

spring66. 

1.3.2 Secretion 

Before CWA proteins can be displayed on the cell surface, they have to be secreted through 

the cell membrane into the extracellular environment. The secretion system of Gram-

positive bacteria has not been studied in detail67, but Gram-positive and Gram-negative 

bacteria are thought to share a similar general secretion system (Sec)68, to secrete proteins 

in an unfolded state. Important elements of the Sec secretion system include at least a 

signal recognition particle (SRP)69, signal peptidase (SPI)69, an adenosine triphosphate (ATP) 

motor driving secretion (SecA), a translocation channel (SecYEG) and a complex that 

releases the transported protein from the Sec system (SecDF/YajC; see Figure 1.4)67,68,70.  

Proteins destined for the extracellular environment contain signal peptides, located at the 

N-terminus of the nascent polypeptide. Typically, the N-terminal part of the signal 

sequence is positively charged (Figure 1.3), which might favour electrostatically driven 

migration towards the cell membrane that contains negatively charged phospholipids71 or 

recognition by SRPs68. The central hydrophobic region usually forms an α-helix of an 

appropriate length to reach the extracellular side of the cell membrane. A partly conserved 

glycine or proline residue is usually located four to six residues upstream of the Ala-X-Ala 

motif at or near the extracellular membrane surface71, that can be hydrolysed by an SPI 

(Figure 1.3)69.  
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                ----POSITIVELY CHARGED-----YSIRK----G—-S—-HYDROPHOBIC—A(X)A- 

 

SGO0707         -------------------MKMRFATNFGRKTKAFIGLI-VLFFSIFLLPIQSYAALEEI 

IsdE            ---------------------------MRIIKYLTILVISVVILTSCQSSSSQESTKSGE 

SasF            -------------------MAKYRGKPFQL--YVKLSCSTMMATSIILTNILPYDAQAAS 

IsdC            -------------------------MKNILKVFN-----TTILALIIIIATFSNSANAAD 

SasD            ------------------------------MKKL-ATVGSLIVTSTLVFSSMPFQNAHAD 

IsdA/SasE       -----------MTKHYLNSKYQSEQRSSAMKKIT-MGTASIILGSLVYIGADSQQVNAAT 

Cna             MNKNVLKFMVFIMLLNIITPLFNKNEAFAARDISSTNVTDLTVSPSKIEDGGKTTVKMTF 

SasA/SraP*      -----MSKRQKAFHDSLANEKTRVRLYKSGKNWVKSGIKEIEMFKIMGLPFISHSLVSQD 

SasH            -----------------MKALLLKTSVWLVLLFSAMGLWQVSSAAEQHTPMKAHAVTTID 

FnBPB           ---------------------MINKQRYGIRKYK-IGAASIALGTIVVIGVNENNEAHAS 

FnBPA           ---------------------MKNNLRYGIRKHK-LGAASVFLGTMIVVGMGQDKEAAAS 

IsdB/SasJ       ----------------MNKQQKEFKSFYSIRKSS-LGVASVAISTLLLLMSNGEAQAAAE 

IsdH/SasI       ----------------MNKHHPKLRSFYSIRKSI-LGVASVIVSTLFLITSQHQAQAAEN 

Ebh             ------------------MNYRDKIQKFSIRKYT-VGTFSTVIATLVFLGFNTSQAHAAE 

SasC            -------------------MNLLKKNKYSIRKYK-VGIFSTLIGTVLLLSNPNGAQALTT 

ClfA            -------------------MNMKKKEKHAIRKKS-IGVASVLVGTLIGFGLLSSKEADAS 

FmtB/Mrp/SasB   -------------------MNLFRQQKFSIRKFN-VGIFSALIATVTFISTNPTTASAAE 

SpA             ---------------------MKKKNIYSIRKLG-VGIASVTLGTLLISGGVTPAANAAQ 

ClfB            -------------MKKRIDYLSNKQNKYSIRRFT-VGTTSVIVGATILFGIGNHQAQASE 

SasG            ------MRDKKGPVNKRVDFLSNKLNKYSIRKFT-VGTASILIGSLMYLGTQQEAEAAEN 

SdrC            -------MNNKKTATNRKGMIPNRLNKFSIRKYS-VGTASILVGTTLIFGLSGHEAKAAE 

SdrD            -----MLNRENKTAITRKGMVSNRLNKFSIRKYT-VGTASILVGTTLIFGLGNQEAKAAE 

SdrE            -----MINRDNKKAITKKGMISNRLNKFSIRKYT-VGTASILVGTTLIFGLGNQEAKAAE 

Bap             -------------MGNKQGFLPNKLNKYSIRKFT-VGTASLLVGTTLFFGIGSEAQAAEL 

SasL            MYSYVFYKKEDVYEKNKLDFLPNKLNKYSIRKFT-VGTASLLIGATLVFGIGNEAKADEV 

Pls             ---------MNKNSKKKLDFLPNKLNKYSIRRFT-VGTASILVGATLIFGVANDQAEAAE 

 

Figure 1.3: Multiple sequence alignment (MSA) of the YSIRK/GXXS region of precursor CWA 
proteins  from S. aureus (Table 1.1) and SGO0707 (S. gordonii). For the full names of CWA proteins, 
please refer to Table 1.1. Residues 1-180 were aligned by Multiple Sequence Comparison by Log-
Expectation (MUSCLE)72,73 and the first 60 residues from the alignment containing the signal peptide are 
shown. Blue: positively charged residues. Pink: mostly conserved YSIRK/GXXS motif. Purple: strongly 
conserved YSIRK/GXXS motif. Grey: partly conserved glycine/proline residue. Yellow: putative recognition 
sequence for SPI cleavage, AXA. Green: putative recognition sequence for lipoprotein signal peptidase74. 

*No signal peptide predicted by SignalP-5.074.  

In addition, ~2
3⁄  of Gram-positive precursor CWA proteins from S. aureus comprise a 

mostly conserved signal peptide sequence between the charged and hydrophobic region, 

composed of two motifs close in sequence, YSIRK and GXXS, where X represents any amino 

acid (Figure 1.3)70. CWA proteins bearing the YSIRK/GXXS signal are incorporated into the 

growing cell wall (see section 1.3.3), adjacent to the newly forming septum of dividing 

cells75,76 in a ring-like distribution (Figure 1.4B). Precursor CWA proteins lacking the 

YSIRK/GXXS signal are attached to punctate locations near the cell poles rather than in a 

ring-like distribution76 (Figure 1.4B).  

Underlined residues in the YSIRK/GXXS sequence are fully conserved in proteins bearing 

this motif76 and the conserved residues are essential for secretion into the growing cell 

wall, as shown by mutational studies70. Maturation of precursor CWA proteins with the 

YSIRK/GXXS motif involves proteolytic cleavage of the peptide bond N-terminal to the GXXS 

motif, as shown by mass spectrometry (MS) experiments on secreted SpA with variants of 

this signal sequence39. However, it is unknown if this motif replaces the function of the Ala-
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X-Ala motif, which motif is hydrolysed first and what the processing enzyme(s) and/or 

mechanism(s) are70,77. 

A. B. 

 

Figure 1.4: YSIRK/GXXS signal peptide directs secretion of CWA proteins towards the cross-wall 
76. A. Schematic of a possible translation, targeting and secretion pathway of precursor CWA proteins 
with and without the N-terminal signal peptide YSIRK/GXXS in dividing cells of S. aureus. B. Schematic 
of the surface coverage of CWA proteins 

Many parts of this secretion process remain poorly understood. Several CWA proteins 

contain a highly extended, repetitive region57,58. To prevent potential adverse effects of 

such a CWA protein being folded in the cytoplasm, co-translational secretion might take 

place68, where the SRP binds to the signal peptide of the nascent polypeptide and targets 

the ribosome to a Sec secretion system (Figure 1.4A question mark a)78. The presence of 

non-optimal codons in the signal peptide sequence may slow down translation and 

facilitate SRP recognition79. Although only one type of Sec secretion system is known, 

precursor CWA proteins are targeted to Sec systems in different locations in the cell; this 

might involve selective SRPs and/or SRP receptors78. Then, the secretion process itself 

remains elusive (Figure 1.4A question mark b): it is suggested that the N-terminal positively 

charged part of the signal peptide remains intracellular, while the rest of the polypeptide 

is translocated through SecYEG, forming a loop, followed by cleavage of a signal motif by 

an extracellular SPI71. This might be followed by LPXTG-mediated incorporation into the 

growing cell wall, where Sortase captures newly secreted CWA proteins directly from the 

Sec channel80. 

Sec secretion machinery

YSIRK/GXXS signal peptide CWA protein

Other signal peptide-bearing CWA proteinLPXTG      ,

LPXTG      ,

Ribosome

mRNA

Bacterial chromosome
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1.3.3 Covalent linkage to the cell wall 

The cell wall serves a structural role to withstand the internal turgor pressure of the cell81. 

The precursor CWA proteins are secreted by the Sec secretion machinery in unfolded 

state68. Most CWA proteins contain an LPXTG motif (Figure 1.5), where underlined residues 

are mostly conserved and X represents any amino acid. The hydrophobic region following 

the conserved motif retards secretion25, facilitating binding of the CWA protein by Sortase 

A82. The schematic process of the incorporation of CWA proteins into the PG structure of 

S. aureus is shown in Figure 1.6. 

                ---------------------------LPXTG----------HYDROPHOBIC--POSITIVELY-CHARGED 

    

IsdE*           PHGMPEEVKKMFQKEFKQNDIWKHFKAVKNNHVYDLEEVPFGITANVDADKAMTQ-LYDLFYKDKK------- 

Ebh**           AKRRKDKEEDVETTTSIESKDEDVPLLLAKKKNQKDNQSKDKKSASKNTSKKVAA-KKKKKKAKKNKK----- 

IsdC***         KGSDGTTTGQSESNSSNKDKVENPQ---TNAG--TPAYIYAIPVASLALLIAITL-FVRKKSKGNVE------ 

SasF****        PEKTLTLGKGNGLLSGLLNADGNVS--LPKAG--ETIKEHWLPISVIVGAMGVLM-IWLSRRNKLKNKA---- 

SasD****        SNHQMMSPKANMHSSNHQMNQSNKKV-LPAAGESMTSSILTASIAALLLVSGLFL-AFRRRSTNK-------- 

SasH            AVSSKSGKQLASMSAPKGSTHEKQ---LPKTG--TDQSSSPAAMFVLVAGIGLIA-TVRRRKAS--------- 

SGO0707         PGTGESSIKNKNVLPSIGESSTKNKNLLPNTG----ETSTVLLSMIGFAFAGLVGYVVRKKGKA--------- 

IsdA/SasE       SDNKSQQTNKVTKHNETPKQASKAKE-LPKTGLTSVDNFISTVAFATLALLGSLSLLLFKRKESK-------- 

FnBPA           VTPVIEINEKVKAVAPTKKPQSKKSE-LPETG-GEESTNKGMLFGGLFSILGLA--LLRRNKKNHKA------ 

FnBPB           VNVKPNFEPIYIVPHTSNDSETQLES-LPNTG--QNNNEQTVVFGGLLSLLGLSL-LRRKGKKTIE------- 

IsdB/SasJ       ANIKNTNDGHTQSQNNKNTQENKAKS-LPQTG-EESNKDMTLPLMALLALSSIVAFVLPRKRKN--------- 

SasG            MDKNDKVKKSKIAKESVANQEKKRAE-LPKTG--LESTQKGLIFSSIIGIAGLML-LARRRKN---------- 

SasK            ---------------------KQQLKELPKTG--VNNESNTAIMALFIGLILLVVSLVTRFIKLNSHQ----- 

Cna             PPDKPSKVDKDDQPKDNKTKPENPLKELPKTG---MKIITSWITWVFIGILGLYL-ILRKRFNS--------- 

SasC            VIQPAPKVCTPIKKEETHESRKVEKE-LPNTG----SEGMDLPLKEFALITGAAL-LARRRTKNEKES----- 

FmtB/Mrp/SasB   TNTDDHQAKTKSAQQGKVNKAKQQAKTLPDTG---MSHNDDLPYAELALGAGMAF-LIRRFTKKDQQTEED-- 

IsdH/SasI       VDKTVKTKEKAGT-PSKENKLSQSKM-LPKTG----ETTSSQSWWGLYALLGMLA-LFIPKFRKESK------ 

SpA             MIKPGQELVVDKKQPANHADANKAQA-LPETG-EENPFIGTTVFGGLSLALGAAL-LAGRRREL--------- 

SasL            NDVSELNEDNNTSNNTHKQNNSEAKA-LPETG--ETDGKQATIFGALFAGLGSLL-LFRRRNKNEEK------ 

Bap             SNKDSINQDSNV--NSNDSKHDKQNE-LPETG--EKEVRNGTLFGTLFAGLGSLL-LFTKRRRKENDKK---- 

SraP/SasA       TSESQSTLSATSEVTKHNGTPAQSEKRLPDTG--DSIKQNGLLGGVMTLLVGLGL-MKRKKKKDENDQDDSQA 

ClfA            NNVVPPNSPKNGTNASNKNEAKDSKEPLPDTG--SEDEANTSLIWGLLASIGSLL-LFRRKKENKDKK----- 

ClfB            SNKVSKQHKTDA---------------LPETG-DKSENTNATLFGAMMALLGSLL-LFRKRKQDHKEKA---- 

Pls             RDHNDKTDKP------------NNKE-LPDTG--NDAQNNGTLFGSLFAALGGLF-LVGRRRKNKNNEEK--- 

SdrC            SDSDAGKHTPAKPMSTVKDQHKTAKA-LPETGSENNNSNNGTLFGGLFAALGSLL-LFGRRKKQNK------- 

SdrD            SDSDAGKHTPVKPMSTTKDHHNKAKA-LPETGNENSGSNNATLFGGLFAALGSLL-LFGRRKKQNK------- 

SdrE            SDSDAGKHTPVKPMSTTKDHHNKAKA-LPETGSENNGSNNATLFGGLFAALGSLL-LFGRRKKQNK------- 

                                                                             

*membrane protein83. 

**lacks CWA anchor motif, yet is tightly associated with the cell wall84. 

***anchored by Sortase B26. 

****alternative LPXTG motif80. SasF is non-covalently associated with the cell wall85. 

 

Figure 1.5: MSA of the LPXTG region of CWA proteins from S. aureus (Table 1.1) and SGO0707 (S. 
gordonii). For the full names of CWA proteins, please refer to Table 1.1. The most C-terminal 120-180 
residues were aligned by MUSCLE72,73 and the most C-terminal 60-70 residues are shown. Blue: positively 
charged residues. Pink: conserved residues in LPXTG motif. Grey: hydrophobic residues. Green: NPQTN 
motif anchored by Sortase B26. 

Sortase A is an extracellular transpeptidase that is anchored in the cell membrane82. The 

catalytic Cys184, in conjunction with other catalytic residues86, hydrolyses the peptide 

bond between threonine and glycine and forms a thio-ester acyl-enzyme intermediate87 

(Figure 1.6B, step 1). Subsequently, Sortase A catalyses the formation of an amide bond 

with the amino group of a free pentaglycine crossbridge88, present in a unit of a lipid II PG 

precursor molecule (Figure 1.6B, step 2) 87,89. Subsequently, this linked unit is incorporated 

in the growing PG cell wall (Figure 1.6B, step 3)88. The surface of S. aureus is approximated 

to be decorated by one CWA protein per surface N-acetylglucosamine-N-acetylmurumic 
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acid (GncNAc-MurNAc) disaccharide, based on a cell wall thickness of ~20-40 nm thick90–92 

and ~20 layers of PG93 (Figure 1.6A, C)93.  

A.  

 

B.  

 

C.  

 

Figure 1.6: Schematic of the PG structure of S. aureus and the incorporation of CWA proteins, 
here SasC is shown. A. Molecular structure of a β1-4 linked disaccharide of GlcNAc-MurNAc, where R 
is the peptide crossbridge (see B). B. Schematic of the secretion and incorporation of CWA proteins in 
the PG layer. C. Schematic of the resulting structure of PG containing CWA proteins. 
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The PG layer is constantly being remodelled94. Bacteria produce autolysins, which can 

create breaks in the PG layer and allow the insertion of new material, facilitating cell 

growth and surface remodelling95. Bacteria adhere to the “make-before-break” principle96, 

maintaining their cell wall integrity by forming new strands before breaking old ones. New 

PG layers are thought to push old layers outwards, thereby stretching these layers, making 

the old layers more susceptible to autolysins97. The resulting MurNAc fragments are 

subsequently partly recycled, a process that is essential for survival in the stationary 

growth phase98. 

The expression level and display of specific proteins of S. aureus varies, depending on 

planktonic or biofilm state (see section 1.4)99; growth rate100; environmental conditions, 

for example, iron-regulated surface determinant A (IsdA) is over-produced in iron-limiting 

conditions34, and whether it is a commensal or pathogenic strain101. Together with the 

remodelling process, this allows for the incorporation of different CWA proteins, that will 

be attached to the newly synthesised PG chains closest to the cell membrane. The domain 

architecture of many CWA proteins (see section 1.3.1) comprises a putatively extended 

repetitive B region (SasG57, the ECM- binding protein homologue Ebh58, SdrD66, the 

clumping factor B (ClfB)102, Cna103, biofilm-associated protein Bap104). With an 

approximated pore size of ~2.2 nm for Gram-positive bacteria that would allow globular 

proteins of ~23 kDa to freely diffuse through the PG layer91 and the notation that in 

stretched PG, the pores are larger105; an extended B region might penetrate the PG mesh. 

With a cell wall thickness of ~20-40 nm90–92, projection beyond the cell surface will depend 

on the length of the B region, the relative depth of the CWA protein and the orientation of 

the B region with respect to the cell membrane.  

1.3.4 CWA proteins of S. aureus 

Currently, at least 27 CWA proteins are known that can be present on the cell wall of S. 

aureus (Table 1.1).  
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Table 1.1: CWA proteins on the cell wall of S. aureus. FIVAR: motif found in various architectures. GA: 
protein G-related albumin binding. 

Protein Full name Function B region Ref. 

SasA/ 
SraP 

S. aureus surface protein A/ 
serine-rich adhesion for 
platelets 

Adherence to salivary 
agglutinin gp340 in 
human saliva and 
human platelets. 

SD repeats 76,106,107,108 

FmtB/ 

SasB/ Mrp 

Factor which affects the 
methicillin resistance level and 
autolysis in the presence of 
Triton X-100 protein B/ S. 
aureus surface protein B/ 

multiple repeat polypeptide 

Mediates indirect 
resistance against 
oxacillin. 

18 DUF1542 

repeats 

107,109,110 

SasC S. aureus surface protein C Mediates biofilm 
aggregation, 
mechanism unknown. 

18 DUF1542 

repeats 

111 

SasD S. aureus surface protein D Structure and function 

unknown. 
Unknown 76,112,107 

 

SasE/StbA S. aureus surface protein E/ 
staphylococcal transferrin-
binding protein A 

Implicated in transferrin 
binding for iron 
acquisition. 

No repeats 107,113 

SasF S. aureus surface protein F Structure and function 
unknown. 

Unknown 107 

SasG S. aureus surface protein G Adheres to nasal 
epithelial cells 

3-10  
(E-)G5 

repeats 

107,114 

SasH/ 
AdsA 

S. aureus surface protein H/ 
Adenosine synthase A 

Converts adenosine 
monophosphate to 
adenosine, thereby 
implicated in immune 
evasion. 

No repeats 107,115 

SasI/IsdH S. aureus surface protein I 

Iron-regulated surface 
determinant H 

Binds haptoglobin-
haemoglobin and haem 

3 NEAT 
domains, no 
repeats 

36,107  

SasJ/IsdB S. aureus surface protein J; 
Iron-regulated surface 
determinant B 

Binds haem 2 NEAT 
domains, no 
repeats 

36,107,113 

 

SasK S. aureus surface protein K Structure and function 
unknown. 

Unknown 76,107,112 

SasL S. aureus surface protein L Structure and function 
unknown. 

Unknown 112 

SasX S. aureus surface protein X Nasal colonisation, 
promotes immune 
evasion 

Unknown 40 

Bap Biofilm-associated protein Prevents internalisation 
into host cells, binds 
host receptor GP96 

Variable 
repeat 
number, SD-

repeats 

116,117 
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ClfA Clumping factor A Bind fibrinogen SD-repeats 63 

ClfB Clumping factor B Binds fibrinogen. 
Activity can be masked 
by ClfA. 

SD-repeats 118 

SdrC Asp-Ser repeat protein C N2 domain mediates 
homodimeric cell-cell 
interactions 

2 B repeats, 
SD-repeats 

65,119 

SdrD Asp-Ser repeat protein D Adheres to host cell 
receptor desmoglein 1 

5 B repeats, 
SD-repeats 

50,64 

SdrE Asp-Ser repeat protein E Binds human platelets 3 B repeats, 
SD-repeats 

64,120 

Cna Collagen adhesin A region binds collagen  1-4 B repeats 52,121 

IsdA Iron-regulated surface 
determinant A 

Binds fibrinogen and 
fibronectin, binds haem. 

1 NEAT 
domain, no 
repeats 

76,122 

IsdC Iron-regulated surface 
determinant C 

Binds haem. 1 NEAT 
domain, no 

repeats 

36,76 

Ebh ECM-binding protein 

homologue 
Binds fibronectin. 52 repeats of 

FIVAR-GA 
modules 

84 

FnBPA Fibronectin-binding protein A Binds fibronectin, 
fibrinogen and elastin 

11 
fibronectin-
binding 
repeats 

123,124 

FnBPB Fibronectin-binding protein B Binds fibronectin, 
fibrinogen and elastin. 

10 
fibronectin- 
binding 
repeats 

124,125 

SpA S. aureus protein A Binds antibodies, 
promotes immune 
evasion. 

5 repeats of 
three-helix 
bundles 

41 

Pls Plasma-sensitive surface 
protein 

Binds fibrinogen and 
fibronectin, following 
processing by plasmin. 

5 B repeats, 
SD-repeats  

126,127 

 

1.4 Biofilms 

1.4.1 Introduction to biofilms 

Biofilms are microbial accumulations adhering to a biological or non-biological surface, for 

example damaged tissue or an in-dwelling medical device, respectively8. Many 

microorganisms thrive in a multispecies biofilm128; for example, S. gordonii is part of a 

multispecies biofilm in dental plaque18. Biofilms of S. aureus biofilms tend to be 

monospecies129,130. However, cases have been described where S. aureus was successfully 

co-cultured into biofilm-state with Pseudomonas aeruginosa131, among other species132.  
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1.4.2 Biofilms are partly responsible for antibiotic resistance 

Planktonic bacteria have acquired antibiotic resistance through various mechanisms, such 

as adaptational mutations133, acquisition of genetic material containing an antibiotic 

resistance gene134,135, or alteration of gene expression136. When bacteria without acquired 

antibiotic resistance mechanisms transition into a biofilm state, they are still more resistant 

to antibiotics than their planktonic counterparts137. For example, the susceptibility of S. 

aureus against the last-resort antibiotic vancomycin is up to sixteen times lower, when S. 

aureus cells are resident in a biofilm environment138. The antibiotic resistance mechanism 

of cells in a biofilm is not yet well-understood. One hypothesis is that cells transition into 

a lower metabolic state8 due to nutrient limitation139 (due to lower diffusion of nutrients 

in the biofilm matrix140,141) and amplified by, for example, a thicker, finely meshed 

biofilm137,142. Finally, in nutrient-limiting conditions, a general stress response is 

activated143, which might promote the lower metabolic state. 

1.4.3 S. aureus biofilms 

Biofilm formation by S. aureus can be regarded as a ‘phased’ process (Figure 1.7). During 

the initial adherence phase, planktonic cells adhere to a host tissue or in-dwelling medical 

device144, which are typically covered in fibrinogen145 and fibronectin146. In the adherence 

phase, attachment is mediated by hydrophobic interactions, such as via the intrinsically 

disordered region of SdrC147, electrostatic interactions, such as via negatively charged 

(wall) teichoic acids148, or specific protein-protein interactions (PPI) between CWA 

proteins30 and proteinaceous surface components149,150. 

 

Figure 1.7: Biofilm formation and maturation by S. aureus. 
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Through an unknown mechanism, cells switch from the adherence phase to the 

accumulation phase, where the attached cells accumulate into a three-dimensional, 

mature biofilm, in which cell-cell interactions are key150. This state is achieved by growth 

and division of metabolically active, attached cells8 and usually involves the production of 

a polysaccharide intercellular adhesin (PIA) matrix151. For a long time, the secretion of PIA 

was the only mechanism known to create a matrix, which allowed cells to accumulate into 

a mature biofilm152 and the PIA matrix of S. aureus consists of poly-N-acetyl glucosamine 

(PNAG; see section 1.3.3)153. Importantly, CWA proteins can also mediate biofilm 

accumulation, independent of PIA29,30,154. For example, inter-bacterial interactions are 

mediated by the B region of SasG through dimerisation in the presence of zinc ions57 or by 

dimerisation of the B region of SdrC147. Many other CWA proteins (SasC111, SpA155, 

FnBPA156, FnBPB124, ClfB157, SasX40, Bap116) are suggested to be involved in biofilm 

formation and/or accumulation, but information about some mechanisms remains 

unclear30. Finally, the expression and display of various CWA proteins can generate 

anomalous effects in terms of adherence: the display of Bap masked the adherence 

capacity of FnBPA, FnBPB, ClfA and ClfB104 and the overexpression and display of SasG 

comprising ≥5 B repeats masked the binding abilities of SpA, ClfB, FnBPA and FnBPB, 

whereas no effect was observed for <5 B repeats158. Other contributing factors to the 

accumulation phase of S. aureus biofilm formation are secreted teichoic acids, wall teichoic 

acids (WTA), lipoteichoic acids (LTA)159 and extracellular deoxyribonucleic acid (DNA) from 

lysed bacteria160. 

Together, the matrix components protect the bacteria from environmental stresses, such 

as dehydration, retard the diffusion of antimicrobial agents8 and provide the growing 

maturing biofilm with nutrients by trapping extracellular enzymes161, such as 

aminopeptidases that degrade proteins162. The accumulation phase is quite challenging for 

bacteria, due to environmental stresses such as dehydration, nutrient limitation and slow 

nutrient diffusion, shear stresses163 and the host immune system164. The secretion of 

phenol-soluble modulins (PSM) creates nutrient channels through the biofilm via the 

disruption of non-covalent molecular interactions150. PSMs have also been reported as pro-

inflammatory initiators150,165 and virulence factors166. 

The dispersal phase enables bacteria to disseminate from the mature biofilm and spread 

the infection via the blood stream163. S. aureus actively secretes several proteases167–169 
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and employs secreted170 and extracellular171 nucleases to degrade specific components of 

the biofilm matrix144; CWA proteins167–169, extracellular DNA170,171  or PIA172.  Furthermore, 

PSM surfactant activity contributes significantly to cell dispersal173. It seems likely that S. 

aureus has maintained several independent methods of biofilm formation, accumulation 

and dispersal to increase its probability of survival in very different environmentally 

challenging conditions174. 

1.4.4 Streptococcus gordonii biofilms 

Biofilm formation by S. gordonii occurs on the tooth surface, where it initiates the 

formation of dental plaque (Figure 1.8). The adherence phase starts with the colonisation 

of S. gordonii on the pellicle, a layer containing saliva proteins such as salivary agglutinin 

glycoprotein (SAG), the salivary mucin MG2 and carbohydrates21. S. gordonii employs CWA 

proteins, such as streptococcal surface proteins A and B (SspA, SspB) that bind SAG175 and 

the homologous serine-rich surface glycoproteins GspB and Hsa that bind SAG and MG2176, 

forming a monolayer within two hours20.  

Following monolayer formation, the accumulation phase involves many other bacterial 

species16, highlighting the need to form interactions with different bacterial species. The 

molecular basis for these cell-cell contacts is varied and can comprise the synthesis of an 

exopolysaccharide matrix177, pili or fibrillary proteins promoting adhesion between 

cells20,178. For example, members of the serine-rich repeat (Srr) protein family bind 

carbohydrate motifs displayed on the surface of other bacteria in the oral cavity21. 

Furthermore, SspB also mediates coaggregation with Actinomyces oris by binding a 

receptor carbohydrate on its surface179. Finally, gene regulation responses between 

different bacterial species within dental plaque, such as S. gordonii and Fusobacterium 

nucleatum180 can regulate biofilm formation processes181. 
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Figure 1.8: Dental plaque formation by S. gordonii. 

1.5 Protein architectures 

1.5.1 Protein domains 

1.5.1.1 Definitions 

The definition of a protein domain is varied and includes a structurally independent 

unit182,183, a structurally compact semi-independent unit182,184, a repeated sequence185 or 

a unit of protein function182,186. Domains can be grouped into families depending on their 

sequence identity187 and into superfamilies suggestive of a common evolutionary origin, 

depending on similar three-dimensional structures187 or clans, based on similar sequences, 

consensus sequences or structures188. In 2018, nearly 18,000 protein families and 628 clans 

were known to PFam189. 

1.5.1.2 Structural components 

The structure of protein domains is usually assembled from secondary structure motifs, 

such as α helices, β sheets and coils190, although protein domains can also be devoid of 

structure191. Generally, most folded proteins comprise a hydrophobic core with apolar 

residues, surrounded by a hydrophilic surface with polar residues as a result of the 

hydrophobic effect182. Residues contributing to the stable formation of the domain fold 

tend to be more conserved; usually, these are located in the hydrophobic core192. Non-

globular protein domains can break with the norm as described above. For example, the 

rod-like repeats in the B region of SasG have a smaller hydrophobic core and yet they 

assemble into stable folds, due to strong van der Waals interactions across the inter-

domain interfaces59. 
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1.5.1.3 Folding of protein domains 

Protein folding is the transition from disorder to an organisation of secondary and tertiary 

structure, which usually results in the burial of hydrophobic residues into a hydrophobic 

core182. Generally, protein folding is driven by a lower total free energy for the native 

protein fold in the forming of a “folding funnel”, in comparison to the denatured state193. 

The total free energy is the sum of enthalpic and entropic contributions194. Folding of a 

protein generates hydrogen bonds, salt bridges, electrostatic interactions, van der Waals 

interactions etc. that contribute to the enthalpy, at the cost of a loss in entropy195. The 

formation of the hydrophobic core has an entropic contribution to the total free energy. 

The net difference between the folded and unfolded state can be very small and thus, small 

disruptions can have large effects on the folding state193,195.  

1.5.2 Multi-domain proteins 

1.5.2.1 Introduction to multi-domain proteins 

Over 65% of 1.1 million proteins in the SCOP Superfamily database in 2007 comprise 

multiple domains196. New multi-domain proteins can be created via the assembly of 

existing domains197. This includes the duplication of domains, the recombination or domain 

shuffling of existing domains, the acquisition of mutations in existing domains or a 

combination of the above198. The inclusion of different domains into a single protein 

increases its functionality198. Although multi-domain proteins are more common in 

eukaryotes (~66-80%) than in prokaryotes (~40-66%)196, all CWA proteins known to date in 

Gram-positive bacteria contain multiple domains/regions to achieve correct secretion, 

covalent cell wall anchoring and efficient functionality. 

Generally, the sequential order of domains tends to be conserved in the emergence of new 

multi-domain proteins198. This might suggest that, during evolution, not just individual 

domains but also domain pairs can undergo duplication and recombination events199. This 

process maintains the interface between domains, which can be important for the function 

or stability of these domains200,201. 

1.5.2.2 Folding of multi-domain proteins 

The folding of multi-domain proteins remains relatively poorly characterised, due to the 

presence of multiple domains and their interactions across the inter-domain interface196. 

In multi-domain proteins with small interfaces, domains tend to fold independently, have 
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longer linkers and behave according to the beads-on-a-string analogy196,202. An example 

where independent folding is obtained even in the absence of long linkers, is the folding of 

tandem IgG domains in titin. Tandem domains are in an extended conformation with some 

bending/twisting between individual repeats203, featuring minimal inter-domain 

interactions204. 

In multi-domain proteins with large interfaces, the folding of the domains tends to be 

linked with the formation of a stabilising interface196. To satisfy the formation of these 

large, intricate interfaces, the linkers between domains tends to be shorter and stiffer202. 

As the stability of the domains depends on their connections, such proteins can have a rod-

like architecture57. An example, where folding of multiple domains is dependent on the 

formation of an inter-domain interface, is spectrin. A single domain comprises a triple-

helical bundle, that is connected to an adjacent repeat by a contiguous helix205. Although 

the interface between domains is relatively small196, the stability of tandem domains is 

higher than of individual domains205. Moreover, the interface generates cooperativity in 

thermal and chemical denaturation206. Cooperativity in protein folding is defined as a 

coupling of interactions, resulting in all-or-none behaviour of a system, compared to the 

sum of its individual components207.  

1.5.3 Tandem repeats 

Tandem repeat domains are the simplest form of a multi-domain organisation, where a 

single domain or sequence is repeated tandemly208. They vary in size from two amino acids, 

such as Asp-Ser repeats in the B region of ClfA, ClfB, SdrC, SdrD and SdrE64 to repeats over 

one hundred residues in size, such as spectrin repeats (106 residues)205,209. Tandem repeats 

are abundant in bacteria and variations in repeat number can contribute to functional 

diversity and virulence210. An example of tandem variability is the repetitive region of SasG, 

where a minimum number of six B repeats was required for biofilm formation of S. aureus 

caused by SasG158. An example of a highly repeated tandem repeat in a single protein is 

Domain of Unknown Function 1542 (DUF1542), which is repeated 39 times in FmtB from 

S. epidermidis (Interpro accession number A0A0H2VJ55) and 18-19 times in the 

extracellular protein factor (Epf) from S. pyogenes210. 

Misfolding of proteins may lead to protein aggregation and the formation of protein 

amyloids, which are associated with disease193. The potential for misfolding in multi-
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domain proteins appears to be mitigated by limiting the sequence identity of adjacent 

tandem domains to <40%211,212. For example, DUF1542 domains, with an average pairwise 

sequence identity of ~28%, are below this boundary and thus have a theoretical lower 

tendency to aggregate during unfolding/refolding events. However, a high pairwise 

identity in tandem repeats might be beneficial for the creation of B regions of varying 

length, thought to contribute to virulence210. 

1.5.4 Ising model, a model of tandem repeat folding 

The Ising model is used for the interpretation of the folding behaviour of linear arrays of 

some tandemly arrayed, interacting domains213. Generally, describing the folding of multi-

domain proteins is difficult, due to different thermodynamic properties of individual 

domains. For some tandemly repeated domains that are generally 20-40 residues in size 

with a sequence identity of around 25%214, the folding can be quantitatively described, due 

to a simplification of the model to include only the intrinsic stability of a domain and the 

interfacial stability214.  

As an example, Mello and Barrick (2004)215 applied this to the folding of Notch ankyrin 

(ANK) domains, which are tandem repeats with a large inter-domain interface. Zweifel and 

Barrick (2001)216,217 showed that ANK repeats unfold cooperatively with a single transition 

and benefit from long-range interactions. Individual repeats were unstable, but stability of 

the multi-domain protein was provided by the highly favourable interactions at the inter-

domain interfaces215. The instability of single repeats is in contrast with the definition of 

domains as a structurally independent unit, as stated in section 1.5.1.1. Rather, their stable 

structure is only obtained by a long-range stabilising effect of ANK domains assembled in 

a tandem repeat structure. 

Another example of the application of the Ising model to protein folding involves tetratrico 

peptide repeat (TPR) proteins, assemblies of 3-16+ repeats of 34 amino acids with the 

scope to form a non-globular, elongated structure213,218. The thermal stability increases 

with the number of repeats, sharpening the unfolding transition219. This is quite 

remarkable, considering that such multi-domain proteins are merely stabilised by local 

stabilising contacts220. Kajander et alia213 showed that the unfolding of TPR domains could 

be described using the 1D Ising model213. This implies that near the mid-point of the 

unfolding transition, the multi-domain protein comprises significantly populated partially 
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folded configurations, rather than an all-or-none unfolding transition observed for fewer 

domains and described for globular proteins213. 

1.6 SasC 

1.6.1 Introduction to SasC 

SasC is a CWA protein from S. aureus with characteristic sequence motifs for Sec secretion 

and cell wall attachment, along with an A region and a B region that comprises eighteen 

repetitive domains (Figure 1.9). SasC was identified in silico by Mazmanian et al. (2001)221 

from a basic local alignment search tool (blast) search on DNA from SpA, encoding the 

LPXTG motif, followed by 10< apolar residues221. Roche et al. (2003)107 proposed a modular 

domain organisation for SasC, of which an updated version is shown in Figure 1.9. Briefly, 

SasC comprises an N-terminal YSIRK/GXXS signal peptide that likely directs SasC to the 

cross wall76; an A region with 53% homology to FmtB/Mrp that are implicated, indirectly, 

with reduced resistance against β-lactams109; a B region comprising eighteen DUF1542 

domains and a C-terminal LPNTG signal peptide that likely results in covalent attachment 

to the PG layer88. 

 SasC was detected in 90% of all S. aureus strains and 94% of invasive strains107. This is in 

approximate agreement with the prevalence of SasC reported by Schroeder et al. (2009)111 

of 97% in clinical strains. Schroeder et al. observed that SasC mediated strong cell 

aggregation, when it was overexpressed in S. aureus or heterologously expressed in S. 

carnosus111. The aggregation ability is proposed to be located in the A region and is 

somewhat enhanced in the presence of the B region111. Since SasC strongly mediates 

biofilm accumulation111 and biofilms are implicated with increased antibiotic resistance, it 

is important to further understand the structure and function of SasC. 

 

Figure 1.9: Schematic of the domain organisation of SasC. Top: signal peptides and domain 
annotations. Middle: domain organisation with domains to relative size. Numbers: residue numbers as in 
accession number C7BUR8. 
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1.6.2 Homologues to the A region of SasC 

The A region of SasC has been shown to contain the adhesive region largely responsible for 

biofilm accumulation111. It has 40% sequence identity and 53% sequence similarity to the 

A region of FmtB and the full sequence of SasC shares 34% sequence identity with FmtB111. 

Homology of the A region of SasC with other CWA proteins could suggest a similar role.  

FmtB, Multiple Repeat Polypeptide (Mrp)110 and S. aureus surface protein B (SasB)222 are 

highly homologous S. aureus CWA proteins of and shall hereafter be referred to as FmtB. 

FmtB was identified in 1997 by Komatsuzawa and co-workers223 as an important factor for 

methicillin resistance of S. aureus. When an insertion was placed within the open reading 

frame (ORF) of FmtB, cells showed a reduced resistance to the methicillin oxacillin when 

treated with 0.02% Triton X-100, a non-ionic detergent known to permeabilise and/or lyse 

membranes224.  

It has been proposed that FmtB could be responsible for cell wall stability or cell wall 

biogenesis223. However, later experiments revealed that methicillin-resistance was not 

restored completely in a knock-out strain supplemented with FmtB, only after 

overexpression of FmtB or after supplementing cell wall precursors109,225. In support of this, 

S. aureus survives in the absence of, among other genes, FmtB, at the cost of virulence and 

antibiotic resistance226. These results suggest that FmtB is probably not directly involved in 

resistance against β-lactams109,225. Further experiments are required to elucidate the role 

and mechanism of FmtB and SasC. 

1.6.3 B region 

The B region of SasC comprises seventeen DUF1542 domains, as determined from the 

domain boundaries reported by Schroeder et al. (2009)111. Most (95%) DUF1542 domains 

are present in Firmicutes, such as staphylococci and streptococci (PFam entry PF07564)210. 

In some proteins, such as Epf in S. pyogenes, the number of DUF1542 repeats is variable, 

which might generate functional diversity210.  

Regions containing DUF1542 repeats are speculated to have a structural role227. This would 

be in agreement with the B regions of other CWA proteins29,30,57,58. Electron microscopy 

(EM) images of the B region from Epf comprising sixteen DUF1542 domains showed an 

extended structure with kinks of 50-60 nm in length with a diameter of 6 nm (Figure 
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1.10A)228. Structural predictions by iterative threading assembly refinement (I-TASSER)229 

of regions containing multiple DUF1542 domains yielded a globular bundle of helical 

bundles210 (Figure 1.10B), where two domains are predicted to form a five-helix bundle 

and multiple repeats are predicted to have bundled five-helix bundles. Clearly, the 

predicted bundled bundle structure is in disagreement with the low-resolution structural 

evidence provided by Linke et al. (Figure 1.10A)228. Thus, the structure of DUF1542 domains 

and the size and shape of DUF1542 domains in solution are currently unclear and could 

provide information about the function of DUF1542 domains and DUF1542-containing 

proteins. 

A. B. 

 

Figure 1.10: EM images and I-TASSER models of multiple DUF1542 domains. A. EM images of 16 
DUF1542 domains from the CWA protein Epf from S. pyogenes228. B. I-TASSER models of 2, 7 and 18 
DUF1542 domains, image from Lin et al. (2012)210. 

Bioinformatical, structural and biophysical experiments on DUF1542 domains from SasC 

enabled us to rename DUF1542 to DUF1542 rigid extracellular surface structural (DRESS) 

domains. Throughout this thesis, DUF1542 is used to refer to the old literature domain 

boundaries of this domain and DRESS is used for the domain boundaries proposed in this 

thesis. 

1.7 SGO0707 

1.7.1 Introduction to SGO0707 

Davies et al. (2009)230 identified several novel surface proteins from S. gordonii via the 

production of a sortase–  mutant, where proteins that are typically covalently linked to the 

cell wall are now secreted. By electrophoresis of the secreted proteome, followed by MS, 

they identified a surface protein of S. gordonii as originating from a gene with accession 

number sgo_0707 (The Institute for Genomic Research (TIGR) database). Here, the protein 
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encoded by this gene is referred to as SGO0707 and it comprises a Sec secretion signal 

peptide at the N-terminus, an A region, a repetitive B region and a wall attachment site at 

the C-terminus (Figure 1.11). The B region comprises highly identical tandem repeats230, 

termed SGO0707 high identity repeat tandem (SHIRT) domains.  

 

Figure 1.11: Domain organisation of SGO0707 230,231. Top: signal peptides and domain annotations. 
Middle: domain organisation with domains to relative size. Numbers: residue numbers as in accession 

number A8AW49.  

Functional characterisation of SGO0707 revealed binding to oral keratinocytes and type I 

collagen231. The former is in line with the presence of S. gordonii in the oral cavity and its 

involvement in the formation of dental plaque. As collagen is the most abundant protein 

in the human body53,54 and 80%-90% of collagen is type I53, adherence to type I collagen 

proposes a role for SGO0707, where collagen is exposed, for example on a damaged heart 

valve, leading to infective endocarditis17.  

Structural characterisation of the A region of SGO0707231 revealed the presence of two 

domains, N1 and N2, comprising β-sandwich folds and anti-parallel β-sheets (Figure 1.12A). 

N1 comprised a putative negatively charged binding cleft bearing a single cysteine and 

some potential electron density indicating binding of a metal ligand, although the 

crystallisation conditions did not contain metals. Thermal stability studies indicated 

stabilisation by Ca2+
 and the crystal structure of a structural homologue from SspB (PDB 

2WD6, a Cα root mean square deviation (RMSD) of 2.82 Å over 179 atoms, Figure 1.12B,C) 

showed a tightly bound calcium ion. N2 consists of two domains both forming an IgG-like 

fold231.  
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A. B. C. 

 

Figure 1.12: A region of SGO0707. A. N1 and N2 from SGO0707 (PDB 4igb)231, blended from N (blue) 
to C (red). Sodium ion in putative binding site is indicated. B. Superposition of the A region from SGO0707 
(blue-red)231 and the variable domain from SspB (grey)232. C. Variable domain from SspB (PDB 2wd6)232 

with a calcium ion in the binding site as indicated. Image was created using CCP4mg. 

1.7.2 B region 

The repeat region of SGO0707 was hypothesised to have a structural role as a stalk for the 

N-terminal domain231. Recently, the crystal structure has been determined of single and 

tandem domains from different recombinant repetitive structural domains from the B 

region, composed of SHIRT domains (data courtesy of Dr Fiona Whelan, Dr Clement Degut, 

Dr James Gilburt, see Figure 5.1). SHIRT domains have a novel fold and domains from the 

84 and 88 amino acid region (Figure 1.11) are structurally very similar with a backbone 

RMSD below 1 Å over 82 residues, indicating that the additional amino acids are located in 

the linker regions between SHIRT domains (see Figure 5.2).  

1.8 Overall aims 

CWA proteins from staphylococci and streptococci mediate biofilm formation and 

accumulation, processes that play important roles in infection. The putatively functional A 

region is quite variable between different CWA proteins. The B regions, however, from 

most CWA proteins are thought to have a collective stalk-like function29,30,57,58, that might 

be achieved in structurally distinct ways.  

For SasC, a low-resolution electron microscopy image of the B region of SasC is available 

(Figure 1.10A), which shows a kinked, rod-like structure228. However, this did not provide 

conclusive evidence for a stalk-like repetitive region in SasC. In this thesis, we aim to study 
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the B region of SasC in more detail to determine its suitability to function as a stalk. We 

aim to provide an atomic-resolution structure, revealing how individual domains within the 

B region interact with other domains to build up the putatively elongated structure. Using 

their thermal stability as a tool, we aim to determine if DRESS domains in the repetitive 

region of SasC stabilise each other, and to what extent. Furthermore, we aim to determine 

the end-to-end distance, size, shape and rigidity of recombinant repetitive structural 

domains from the DRESS region of SasC to reveal a potential stalk-like architecture. Finally, 

previously reported biophysical experiments on (partial) DRESS (DUF1542) domains from 

another CWA protein suggest an α-helix-rich topology228, which is typically mechanically 

weak233. However, this prediction is in contrast with the hypothesis that the stalk provides 

a robust architecture to project the functional A region away from the cell surface. Hence, 

we aim to characterise for the first time the mechanical strength of recombinant repetitive 

structural domains from the DRESS region of SasC, to determine whether the stalk-like 

function fits with its biophysical mechanical properties. 

For Sgo0707, the B region containing SHIRT repeats was hypothesised to form a rigid 

stalk231. Recently, in our lab, Dr F. Whelan determined the structure of tandem SHIRT 

domains, forming elongated, head-to-tail organised, β-sheet rich tandem repeats (Figure 

5.1). However, the interface between two SHIRT repeats was open and void of inter-

domain stabilising interactions, with exception of a proline-rich linker sequence. Here, we 

aim to determine if inter-domain interface interactions occur in solution and to what 

extent the proline-rich linker contributes to the observed rigidity in the X-ray structure. 

Thus, this thesis aims to determine if B regions from two CWA-proteins with different 

structural architectures both achieve a stalk-like shape.  
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Chapter 2. Materials and methods 

2.1 Materials 

2.1.1 Bacterial strains 

All bacterial strains used in this work are listed in Table 2.1. Escherichia coli XL1-blue cells 

were used for molecular biology and plasmid production. E. coli BL21-Gold (DE3) cells were 

used for the over-production of unlabelled and uniformly 15N- and 15N,13C- labelled 

proteins. S. aureus strain 8325-4 from the national collection of type cultures (NCTC) was 

used for the purification of genomic staphylococcal DNA.  

Table 2.1: Bacterial strains. 

Organism Strain Description Supplier Ref. 

E. coli XL1-Blue 
super-
competent 

cells 

recA1 endA1 gyrA46 thi-1 hsdR17 
supE44 relA1 lac [F’ proAB lacIq 

ZΔM15 Tn10 (Tetr)] 

Stratagene (Agilent 
Technologies) 

234 

E. coli BL21-Gold 

(DE3) 

B F- ompT hsdS(rB
-mB

-) dcm+ Tetr 

gal λ(DE3) endA Hte 

Stratagene (Agilent 

Technologies) 

235 

S. aureus NCTC 8325-4 S. aureus 8325 strain with three 
prophages, ϕ11, ϕ12, ϕ13, removed 
by ultraviolet (UV)-treatment. 

Generous gift from Prof 
James Moir, University of 
York 

236 

 

2.1.2 Bacterial culture media 

All bacterial culture media used in this work are listed in Table 2.2. Media were 

supplemented with antibiotics (100 μg/mL ampicillin or 50 μg/mL kanamycin).  
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Table 2.2: Bacterial culture media. 

Medium Application Description Ref. 

Lysogeny broth 

(LB) 

Molecular 
biology, 
protein 
production 

1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.17 mM 

NaCl 

 

237 

LB-agar Molecular 
biology 

1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.17 mM 
NaCl, 1.5% (w/v) agar 

237 

Super optimal 
broth with 
catabolite 
repression (SOC) 
media 

Molecular 
biology 

2% (w/v) tryptone, 0.5% (w/v) yeast extract, 2 mM 
glucose, 10 mM NaCl, 10 mM MgCl2, 10 mM MgSO4 

237 

Auto-induction 
media 

Protein 
production 

1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) 
glycerol, 0.05% (w/v) glucose, 0.2% (w/v) α-lactose, 
0.3% (w/v) (NH4)2SO4, 0.7% (w/v) KH2PO4, 0.7% (w/v) 
Na2PO4, 1 mM Mg2SO4 

238   

Tryptic soy broth 
(TSB) 

S. aureus 
genomic 
DNA 
preparation 

3% (w/v) tryptic soy broth (BD), 0.3% (w/v) glucose 239 

Non-isotope 
labelled minimal 
media 

Starter 
culture for 
isotope-
labelled 
protein 
production 

0.1%  (w/v) NH4Cl, 0.4% (w/v) glucose, 0.6% (w/v) 
Na2HPO4, 0.3% (w/v) KH2PO4, 0.05% (w/v) NaCl, 2 
mM MgSO4, 0.22 mM CaCl2, 50 μM FeCl3, 10 μM 
MnCl2, 10 μM ZnSO4, 2 μM CoCl2, 2 μM CuCl2, 2 μM 
NiCl2, 2 μM Na2MoO4, 2 μM Na2SeO3, 2 μM H3BO3, 1 
μg/mL riboflavin, 1 μg/mL nicotinamide, 1 μg/mL 
pyridoxine, 1 μg/mL thiamine 

238   

15N-M9 minimal 
media 

15N-labelled 
protein 
production 

0.1%  (w/v) 15NH4Cl, 0.4% (w/v) glucose, 0.6% (w/v) 
Na2HPO4, 0.3% (w/v) KH2PO4, 0.86 mM NaCl, 2 mM 
MgSO4, 0.22 mM CaCl2, 50 μM FeCl3, 10 μM MnCl2, 10 
μM ZnSO4, 2 μM CoCl2, 2 μM CuCl2, 2 μM NiCl2, 2 μM 
Na2MoO4, 2 μM Na2SeO3, 2 μM H3BO3, 1 μg/mL 
riboflavin, 1 μg/mL nicotinamide, 1 μg/mL pyridoxine, 1 
μg/mL thiamine 

238   

15N, 13C-M9 
minimal media 

15N, 13C-
labelled 
protein 

production 

0.1%  (w/v) 15NH4Cl, 0.3% (w/v) 13C-glucose, 0.6% 
(w/v) Na2HPO4, 0.3% (w/v) KH2PO4, 0.86 mM NaCl, 2 
mM MgSO4, 0.22 mM CaCl2, 50 μM FeCl3, 10 μM 
MnCl2, 10 μM ZnSO4, 2 μM CoCl2, 2 μM CuCl2, 2 μM 
NiCl2, 2 μM Na2MoO4, 2 μM Na2SeO3, 2 μM H3BO3, 1 
μg/mL riboflavin, 1 μg/mL nicotinamide, 1 μg/mL 
pyridoxine, 1 μg/mL thiamine 

238   

 

2.1.3 Expression vectors for recombinant proteins 

All vectors used in this work are listed in Table 2.3. Variants of the plasmid for transcription 

by T7 RNA polymerase (pET240) were selected to produce recombinant proteins. Plasmids 

pETFPP1, pETFPP5 and pET-YSBLIC57 encode the RNA polymerase from bacteriophage T7 

with distinct promotor and terminator regions from the expression host E. coli. This allows 
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control of transcription of target RNA and production of target protein235 (Figure 2.1A). The 

pBADcLIC200512 vector gives tight control over recombinant gene expression and over-

production of proteins. In absence of arabinose, transcription is actively inhibited via 

expression and production of AraC. Recombinant gene expression and protein over-

production is induced by addition of L-arabinose, which complexes the inhibitor protein 

AraC (Figure 2.1B,C)241–243.  

To insert the target genes into the expression vectors, the infusion method244 was used. In 

this method, the amplification primers contained 17 (forward) or 18 (reverse) base pairs 

complementary to the linearised ends of the pET vector and 24-27 base pairs 

complementary to the target gene. The target gene was amplified by PCR, resulting in 

inserts featuring a 17-18 base pair non-complementary overhang at the 5’ and 3’ ends of 

the insert.  

A.  

 

B. C. 

 

Figure 2.1: Schematics of expression vectors. Components not to scale. A. pET expression vector245. 
B, C. pBADcLIC2005 expression vector12. B. Active inhibition of transcription by production of AraC. C. 

Transcription is initiated by the addition of L-arabinose.  
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Table 2.3: Bacterial expression vectors. HRV: human rhinovirus. Im9: immunity protein 9. IPTG: 

isopropyl–β– thiogalactopyranoside. 

Vector Resis-

tance 

Recombinant gene  
expression for 
protein over-
production 
induced by 

Description Supplier 

pUC57 Kana-
mycin 

N/A Used by Genewiz for plasmid vector 
cloning encoding S0304; 

S0304_P704A,P706A 

Genewiz 

pETFPP1 Kana-

mycin 

IPTG; metabolism 

of α-lactose 

Recombinant expression vector 
featuring an N-terminal His6 tag 
cleavable by HRV 3C protease. Used 
for D1617, D1417, D0710, SHIRT.  

Generous gift 

from YSBL 

pETFPP5 Kana-
mycin 

IPTG; metabolism 
of α-lactose 

Recombinant expression vector 
featuring an N-terminal His6 tag and 
Im9 solubility tag cleavable by HRV 

3C protease. Used for D17. 

Generous gift 
from YSBL 

pET-

YSBLIC 

Kana-

mycin 

IPTG; metabolism 

of α-lactose 

Recombinant expression vector 
featuring an N-terminal His6 tag 
cleavable by HRV 3C protease and a 
C-terminal non-cleavable Strep tag 
followed by two cysteine residues. 
Used for D0310_scc. 

Generous gift 
from Dr Fiona 
Whelan 

pBADcLIC 
2005 

Ampi-
cillin 

Arabinose Recombinant expression vector 
featuring a C-terminal non-cleavable 
decahistidine (His10)-tag. Used for 
D0118, D0118_2Cys. 

Generous gift 
from Prof 
Gavin 
Thomas, 
University of 
York 

 

2.2 Methods 

2.2.1 Buffer solutions  

All buffers and solutions used in the purification of DNA and proteins are listed in Table 

2.4. 
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Table 2.4: Buffer compositions. 

Buffers Function Composition 

RFII-buffer Molecular biology 10 mM RbCl, 10 mM 3-(N-morpholino)propanesulfonic 

acid (MOPS), 30 mM CaCl2*2 H2O, 15% (w/v) glycerol 

TE-buffer Molecular biology 10 mM Tris(hydroxymethyl)aminomethane (Tris), 1 mM 

ethylenediaminetetraacedic acid (EDTA), pH 8.0 

Genomic DNA TE-

buffer 
Molecular biology 10 mM Tris, 0.5 mM EDTA, pH 9.0 

TAE-buffer Molecular biology 40 mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 7.6 

5x PCRBIO 
reaction buffer 

PCR 15 mM MgCl2, 5 mM 2’-deoxynucleotide 5’-triphosphate 
(dNTP), enhancers and stabilisers (PCRBIO) 

5x HF buffer PCR 7.5 mM MgCl2 (New England Biolabs; NEB) 

Lysis buffer Protein purification 20 mM Tris, 150 mM NaCl, 20 mM imidazole, 0.2 mg/mL 
lysozyme, 0.02 mg/mL deoxyribonuclease (DNAse), pH 
7.5 

Buffer A Protein purification 20 mM Tris, 150 mM NaCl, 20 mM imidazole, pH 7.5 

Buffer B Protein purification 20 mM Tris, 150 mM NaCl, 500 mM imidazole, pH 7.5 

Strep binding 
buffer 

Protein purification 20 mM Tris, 150 mM NaCl, 5 mM β-mercaptoethanol, pH 
7.5 

Strep elution 
buffer 

Protein purification 20 mM Tris, 150 mM NaCl, 5 mM β-mercaptoethanol, 2.5 
mM desthiobiotin, pH 7.5 

SEC buffer Protein purification 20 mM Tris, 150 mM NaCl, pH 7.5 

Tris-Glycine 

running buffer (1x) 

Biochemical 

methods 

3% (w/v) Tris, 14% (w/v) glycine, 1% (w/v) sodium 

dodecyl sulfate (SDS) 

SDS PAGE  
sample loading 
buffer (1x) 

Biochemical 

methods 

100 mM 1,4-dithiothreitol (DTT), 50 mM Tris, 20% (w/v) 

glycerol, 2% (w/v) SDS, 0.1% (w/v) bromophenol blue 

Coomassie 
Brilliant Blue R 
dye solution 

Biochemical 
methods 

0.25% (w/v) Coomassie Brilliant blue R, 45% (v/v) 
ethanol, 10% (v/v) acetic acid 

 

2.2.2 Preparation of chemically competent cells 

BL21-Gold (DE3) competent cells were prepared as follows: cells were grown in 200 mL LB 

(37 °C, 220 rotations per minute (rpm)) until an optical density measured at 600 nm (OD600) 

of 0.5 was reached. Cells were cooled on ice for 15 min, before harvesting by centrifugation 

at 4000 g (4 °C, 15 min). Cells were then resuspended in 60 mL ice cold 75 mM CaCl2 and 

incubated on ice for 1 hour. After harvesting at 4000 g (4 °C, 15 min), cells were gently 
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resuspended in 7.5 mL RFII-buffer (Table 2.4) and incubated for 30 min. 200 μL aliquots 

were vitrified in liquid nitrogen and stored at -80 °C. 

2.2.3 Transformation of competent cells 

Cryo-preserved competent cells were thawed on ice, mixed gently with 100 ng plasmid 

DNA and incubated on ice for 30 min. Cells were ‘heat-shocked’ (42 °C, 45 s) and then 

placed on ice for 15 min. 120 μL SOC-medium (Table 2.2) was added and cells were 

incubated for 1.5 hours (37 °C, 220 rpm), before plating out on a selective LB-agar medium 

(see Table 2.2) and incubated at 37 °C for 18 hours. 

2.2.4 Preparation of plasmid DNA 

7 mL cultures of freshly transformed E. coli XL1-Blue cells were grown for 18 hours in 

selective LB-media (37 °C, 220 rpm). Cells were harvested by centrifugation at 4000 g (4 °C, 

15 min) and plasmid DNA was isolated using the Macharey-Nagel Nucleospin Plasmid kit 

(Macharey-Nagel) according to the manufacturer’s instructions. Briefly, precipitated 

proteins and genomic DNA were removed by centrifugation, while plasmid DNA was intact. 

Plasmid DNA was bound to a silica membrane and washed, before the pure plasmid DNA 

was eluted at low ionic strength with TE-buffer (Table 2.4). The DNA concentration was 

determined by measuring the absorbance at 260 nm. The purity of DNA was assessed by 

measuring the absorbance ratio A260/A280; DNA with a ratio of 1.6-2.0 was diluted to 100 

ng/μL with MilliQ (MQ) water, before storing at -20 °C.  

2.2.5 Preparation of genomic DNA from S. aureus 

Handling of class II pathogens was performed in a class II microbiological safety cabinet 

only. S. aureus NCTC 8325-4 was plated out on non-selective LB-agar and incubated at 37 

°C for 18 hours, forming small yellow colonies. 5 mL cultures of S. aureus NCTC 8325-4 were 

grown for 24 hours in non-selective TSB-media (37 °C, 220 rpm, Table 2.4). Genomic DNA 

was isolated using the GenElute Bacterial Genomic DNA purification kit (Sigma-Aldrich) 

according to the manufacturer’s instructions. Briefly, cells were pelleted at 4000 g (4 °C, 15 

min, Table 2.4), lysed by lysostaphin-lysozyme treatment (37 °C, 60 min) and nucleases 

were degraded by 0.19% (w/v) proteinase K treatment (55 °C, 10 min). Genomic DNA was 

bound to a silica membrane and washing steps were performed, before DNA was eluted 

with Genomic DNA TE-buffer (Table 2.4). DNA purity was assessed by measuring the 
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absorbance ratio A260/A280; stocks with a ratio of 1.6-1.9 were aliquoted and stored at -20 

°C.  

2.2.6 DNA insert preparation by Polymerase chain reaction (PCR) 

The composition of a typical PCR is reported in Table 2.5. Primers were designed manually 

with a 17 base pair overlap with the target vector (Table 7.1) and ordered from Eurofins 

Genomics with salt-free purity. PCRs were performed on a Bio-Rad T100 Thermal Cycler. A 

typical cycling program is reported in Table 2.6. The annealing temperature was 

determined based on the approximate melting temperature (Tm) of the primer set, 

calculated by www.eurofinsgenomics.eu. 

Table 2.5: PCR composition. 

Component Final concentration Supplier 

5x PCRBIO HiFi 
reaction buffer 

1x PCRBio 

dNTPs 0.2 mM Fermentas 

Template DNA Plasmid DNA: 0.2 ng/μL 

Genomic DNA: 1 ng/μL 

 

Forward primer 0.5 μM Eurofins Genomics 

Reverse primer 0.5 μM Eurofins Genomics 

PCRBIO HiFi 
polymerase 

0.02 U/μL PCRBio 

MQ   

 

Table 2.6: PCR cycling program. 

Cycle step Temperature (°C) Time Number of cycles 

Initial 
denaturation 

95 5 min 1 

Denaturation 95 30 s  
 
          35 Annealing Varies per primer 30 s 

Extension 72 30 s/kb 

Final extension 72 10 min 1 

Hold 4 ∞ 1 

 

http://www.eurofinsgenomics.eu/
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2.2.7 Agarose gel electrophoresis 

1% (w/v) agarose gels were prepared in TAE-buffer (Table 2.4) supplemented with 

SYBRsafe DNA Gel Stain (Invitrogen). DNA was mixed with 6x orange loading dye (Thermo 

Scientific) according to the manufacturer’s instructions and loaded into the gel. GeneRuler 

1 kb Plus DNA ladder (Thermo Scientific) was loaded in a separate well. Separation was 

achieved by electrophoresis using a Bio-Rad PowerPac Basic (100 V, 60 min) in TAE-buffer. 

DNA was visualised by transillumination of the gels with UV light.  

2.2.8 Vector linearisation by PCR 

Linear vectors were prepared by PCR using linearisation primers (Appendix 7.1, Table 7.3).  

Typical vector linearisation compositions are reported in Table 2.5 and a typical cycling 

program is reported in Table 2.6. PCR products were mixed with 10x CutSmart buffer (NEB) 

and treated with a restriction enzyme that digests methylated DNA (DpnI; NEB) to digest 

the remaining template (37 °C, 2 hrs), before DnpI was inactivated (80 °C, 20 min). The 

reaction was mixed with 6x orange loading dye (Thermo Scientific) according to the 

manufacturer’s instructions and analysed by agarose gel electrophoresis. Bands containing 

linear vector were excised and DNA was extracted using a Nucleospin gel and PCR clean-

up kit (Macharey-Nagel), according to the manufacturer’s instructions. Briefly, the gel was 

solubilised in binding buffer (50 °C) containing chaotropic salts. DNA was bound to a silica 

membrane and washed. Pure DNA was eluted at low ionic strength with TE-buffer (Table 

2.4); DNA with a purity ratio of 1.6-2.0 was aliquoted and stored at -20 °C. 

2.2.9 DNA insertion into linear vector 

In an In-Fusion® reaction, the Vaccinia virus DNA polymerase with 3’-5’ exonuclease 

activity degrades the ends of the amplified insert, which are complementary to the 

linearised ends of the infusion vector. Strand annealing followed by transfection of this 

product into E. coli XL1 Blue (see Table 2.1) results in DNA strand break repair to form a 

stable plasmid. Typically, over 50-fold of transformants contain the insert over the empty 

vector244.  

PCR products with overhanging bases on either end complementary to the termini of the 

linear vector were inserted into the linear vector using the In-Fusion® kit (Takara Bio) 

according to the manufacturer’s instructions. Briefly, a typical reaction mix was prepared 
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as in Table 2.7. The insertion was performed (37 °C, 15 min), followed by inactivation of 

the enzyme (50 °C, 15 min). The reaction was diluted with 40 μL TE-buffer (Table 2.4) and 

the resulting mix was used directly for transformation. 

Table 2.7: In-Fusion reaction composition. 

Component Volume Supplier 

MQ 6 μL  

In-Fusion® Enzyme premix 2 μL Takara 

Insert 1 μL (~50 ng)244  

Linear vector 1 μL (~20 ng)244  

 

2.2.10 Site-directed mutagenesis 

Whole plasmid mutagenesis was performed to introduce base pair mutations into existing 

DNA constructs. The method was adapted from the QuickChange site-directed 

mutagenesis protocol and the primer design was as reported by Zheng et al. (2004)246 and 

Liu & Naismith (2008)247. Briefly, the primers both featured the mutated region, but were 

offset with respect to each other, ensuring good annealing to the template DNA and 

minimising primer-primer hybridisation. Typically, the primers overlapped by 15 bases and 

had a further 25 non-overlapping bases to either side of the mutation. Primers (Table 7.2) 

were designed manually and ordered from Eurofins with High Purity Salt Free (HPSF) purity. 

A typical site-directed mutagenesis composition is reported in Table 2.8, a mutagenesis 

cycling program is reported in Table 2.9. 5% (v/v) dimethyl sulfoxide (DMSO) was used as 

an additive when DNA-amplification was poor. The annealing temperature gradient was 

guided by the Tm of the overlapped primer region.  

As the ratio of template DNA (without the mutation) to amplified DNA (with the mutation) 

was low, no DnpI digestion step was performed. Instead, the full product of the cycling 

program was analysed by agarose gel electrophoresis. The amplified band was excised and 

DNA was extracted using a Nucleospin gel and PCR clean-up kit (Macharey-Nagel), 

according to the manufacturer’s instruction.  
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Table 2.8: Site-directed mutagenesis composition. 

Component Final concentration Supplier 

5x HF reaction buffer 1x NEB 

dNTPs 0.2 mM Fermentas 

DMSO 0-5% NEB 

Template DNA 0.4 ng/μL  

Forward primer 0.3 μM Eurofins Genomics 

Reverse primer 0.3 μM Eurofins Genomics 

Phusion polymerase 0.02 U/μL NEB 

MQ   

 

 

Table 2.9: Whole plasmid site-directed mutagenesis cycling program. 

Cycle step Temperature (°C) Time Number of cycles 

Initial 
denaturation 

95 5 min 1 

Denaturation 95 30 s  
 

         19 Annealing 60-50 gradient 30 s 

Extension 72 30 s/kb 

Final extension 72 10 min 1 

Hold 4 ∞ 1 

 

2.2.11 Construct validation 

The correct composition of DNA inserts into the recombinant expression vectors from 

Table 2.3 generated in this work was verified by DNA sequencing, performed by Eurofins 

Genomics. 
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2.3 Recombinant gene expression, protein production 

and purification 

2.3.1 Over-production of unlabelled proteins 

50 mL selective LB-media were inoculated with a single colony of BL21-Gold (DE3) cells, 

which were freshly transformed with plasmid DNA encoding the protein of interest or were 

plated out from a glycerol stock, and incubated at 37 °C (220 rpm, 18 hours). Selective LB-

media or auto-induction media were inoculated to an OD600 of 0.05 with the starter culture 

and incubated at 37 °C (120 rpm) until an OD600 was reached of 0.6. A 1 mL cell pellet was 

stored at -20 °C as a pre-induction reference. When using LB, isopropyl–β– 

thiogalactopyranoside (IPTG, Melford) or L-arabinose (Sigma-Aldrich) was added to a final 

concentration of 1 mM or 0.1% (w/v), respectively, to induce recombinant gene expression 

of the protein of interest, depending on the nature of the recombinant expression vector 

(Table 2.3). When using auto-induction media, induction of recombinant gene expression 

of the protein of interest starts upon exhaustion of glucose and the start of metabolic 

consumption of α-lactose. When an OD600 of 0.6 was reached, cultures were transferred to 

the desired temperature pre-determined from a test for optimal protein over-production 

conditions (typically 20 °C) and incubated for 18 hours at 120-180 rpm. Cells were pelleted 

by centrifugation at 6240 g (4 °C, 20 min) and stored at -20 °C. DNA and protein sequences 

used in this thesis are reported in section 7.8. 

2.3.2 Over-production of 15N and 15N, 13C-uniformly labelled recombinant 

proteins 

15N- or 15N, 13C-uniformly labelled proteins were expressed in 15N-M9 or 15N, 13C-M9 

minimal media (Table 2.2) as described in section 2.3.1. 15N-labelled ammonium chloride 

and 13C-labelled D-glucose were obtained from Cambridge Isotope Laboratories at 99% 

purity. Briefly, 50 mL of selective non-isotope labelled minimal medium was inoculated 

with a single colony of freshly transformed BL21-Gold (DE3) cells and incubated at 37 °C 

(220 rpm, 18 hours). Selective isotope-labelled medium was inoculated to an OD600 of 0.1 

with starter culture to compensate for the slower cell growth in minimal media and grown 

(37 °C, 120 rpm) to an OD600 of 0.6. Recombinant gene expression and production of the 

target protein was induced by the addition of IPTG to a final concentration of 1 mM and 

cultures were incubated at 20 or 30 °C as pre-determined in a test for optimal protein over-
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production conditions (18 hours, 180 rpm). Cells were pelleted by centrifugation at 6240 g 

(4 °C, 20 min) and stored at -20 °C. DNA and protein sequences used in this thesis are 

reported in section 7.8. 

2.3.3 Cell lysis 

Pellets stored at -20 °C were thawed on ice and resuspended in 30 mL lysis buffer (Table 

2.4) per litre medium. Cells were lysed by sonication using a Sonicator 3000 (Misonix). 

Resuspended cells were cooled on ice prior to and during sonication. A standard sonication 

cycle was repeated twice and involved 60 pulses at 70 W of 3 s with 7 s recovery intervals 

per cycle. The soluble extract was separated from the insoluble cell debris by centrifugation 

at 48000 g (4 °C, 45 min).  

2.3.4 Purification of His-tagged proteins 

After sonication (see section 2.3.3), the soluble extract was loaded onto two HisTrap HP 

column (5 mL, GE Healthcare Life Sciences) at 3 mL/min on an Äkta Prime Plus (GE 

Healthcare Life Sciences), which was equilibrated in buffer A (Table 2.4). The flow-through 

of the loading step was collected and stored at 4 °C. The column was washed with buffer 

A, until non-bound proteins were washed off as judged from the return of the A280 trace to 

its baseline value. Bound protein was eluted using an increasing gradient of the 

concentration of imidazole from 20 to 500 mM (0%-100%) over 200 mL and collected into 

4 mL fractions. Elution fractions were analysed by SDS poly-acrylamide gel electrophoresis 

(SDS PAGE; see section 2.4.1) and fractions of similar purity containing a band at 

approximately the expected molecular weight (MW) were pooled. Imidazole was removed 

by a dialysis step into 20 mM Tris, 150 mM NaCl, pH 7.5 using Spectra/Por dialysis 

membrane (SpectrumLabs) with a molecular weight cut-off (MWCO) of ≤ ¼ the MW of the 

protein of interest (4 °C, 16 hours, 5 L dialysis buffer). An approximate target protein yield 

was calculated using the Beer-Lambert relationship (Equation 2.1). 

2.3.5 Removal of affinity tag 

The N-terminal sequence of hexahistidine (His6)-tagged proteins from the pETFPP vector 

family (see section 2.1.3) up to the target protein was as follows: Met – Gly – Ser – Ser – 

His – His – His – His – His – His – Ser – Ser – Gly – Leu – Glu – Val – Leu – Phe – Gln – Gly – 

Pro – Ala – Met –. The human rhinovirus (HRV) 3C protease is a cysteine protease that 
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recognises the underlined part of this linker sequence and cleaves between Gln and Gly, 

removing the His6 tag from the target protein. Recombinant HRV 3C protease (Bioscience 

Technology Facility, University of York) was tagged with a non-cleavable His6-maltose 

binding protein (MBP) affinity tag for purification purposes and had an approximate MW 

of 63 kDa.  

Cleavage of a His6-tagged protein target was carried out using a typical protease-to-target 

ratio of 1:150 (w/w) in 20 mM Tris, 150 mM NaCl, pH 7.5, 1 mM DTT at 4 °C for 18 hours. 

Completion of cleavage was assessed by SDS PAGE.  

Separation of the His6-affinity tag and HRV 3C protease from the protein of interest was 

achieved by passage over a HisTrap HP column (5 mL, GE Healthcare Life Sciences) at 3 

mL/min, which was equilibrated in buffer A (Table 2.4). The protein of interest passed 

through the column into the flow-through, while the affinity tag and HRV 3C protease both 

contained a His6-tag and bound to the column. Imidazole was removed from the flow-

through containing the target protein by dialysis into 20 mM Tris, 150 mM NaCl, pH 7.5 

using Spectra/Por dialysis membrane (SpectrumLabs) with a MWCO of ≤ ¼ the MW of the 

protein of interest (4 °C, 16 hours, 5 L dialysis buffer). The target protein was concentrated 

using a VivaSpin 20 concentrator (Sartorius) with a MWCO of ≤ ¼ the MW of the protein of 

interest at 4000 g (4 °C, 15-30 min per run).  

2.3.6 Purification of proteins for AFM 

Proteins for AFM were cloned into a modified pET28 vector, pET-YSBLIC (Table 2.3) with 

cleavable N-terminal His6-tag and a non-cleavable C-terminal Strep-tag248 (see later), 

followed by two C-terminal cysteine residues for immobilisation on a gold-coated glass 

square. This approach was suitable, because the protein used for AFM does not feature 

cysteine residues, as is common in extracellular Gram-positive proteins249. Typically, 

purification was performed as described in section 2.3.4 with buffer conditions 

supplemented with 5 mM β-mercaptoethanol (Sigma-Aldrich) during purification and 2 

mM tris(2-carboxyethyl) phosphine hydrochloride (TCEP) during storage.  

Briefly, lysis buffer was supplemented with 5 mM β-mercaptoethanol. The soluble extract 

containing His-tagged proteins was loaded onto a HisTrap HP column equilibrated in buffer 

A supplemented with 5 mM β-mercaptoethanol. The column was washed with buffer A 
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supplemented with 5 mM β-mercaptoethanol, until a stable baseline A280 trace was 

reached. His-tagged proteins were eluted in an increasing imidazole gradient of buffers A 

and B over 200 mL supplemented with 5 mM β-mercaptoethanol. Imidazole was removed 

by a dialysis step into 20 mM Tris, 150 mM NaCl, 5 mM β-mercaptoethanol, pH 7.5 using 

Spectra/Por dialysis membrane (SpectrumLabs) (4 °C, 16 hours, 2 L dialysis buffer). If 

appropriate, the His6-tag was cleaved using HRV 3C protease (see section 2.3.5) in a typical 

protease-to-target ratio of 1:150 (w/w) in 20 mM Tris, 150 mM NaCl, pH 7.5, 1 mM DTT at 

4 °C for 18 hours. Completion of cleavage was assessed by SDS PAGE.  

Strep-tag affinity chromatography was performed to further purify the target protein, if 

required. The interaction of streptavidin with biotin is a well-known non-covalent high-

affinity interaction250. Binding affinity towards streptavidin251 was exploited for the 

development of a one-step affinity purification step based on the Strep-tag248, of which the 

current optimised sequence is: LEVFQGP. StrepTrap HP columns (GE Healthcare Life 

Sciences) contain high affinity binding sites for the Strep-tag, which can be competitively 

eluted using desthiobiotin. The resin was regenerated by washing with 0.5 M NaOH. To 

keep the cysteine residues reduced, this purification was performed in the presence of 5 

mM β-mercaptoethanol, however this is not required for other Strep-tagged protein 

purifications.  

~20 mg Strep-tagged protein was loaded onto 2 StrepTrap columns at 0.2 mL/min, 

equilibrated in Strep binding buffer supplemented with 5 mM β-mercaptoethanol (Table 

2.4). When the baseline A280 signal was reached, Strep-tagged proteins were competitively 

eluted by Strep elution buffer supplemented with 5 mM β-mercaptoethanol (Table 2.4) in 

gravity flow into 1.5 mL fractions in 2 column volumes (cv). Elution fractions were analysed 

by SDS PAGE and fractions of similar purity were pooled. Protein was concentrated by 

centrifugation using a VivaSpin 20 concentrator (Sartorius) with a MWCO of ≤ ¼ the MW 

of the protein of interest at 4000 g (4 °C, 30 min per run). Desthiobiotin was removed by 

dialysis (4 °C, 16 hours, 0.5 L dialysis buffer) into the final storage conditions 20 mM Tris, 

150 mM NaCl, 2 mM TCEP, pH 7.5 or 25 mM MES, 150 mM NaCl, 2 mM TCEP, pH 6.0. 
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2.3.7 Preparation of proteins for SHRImP 

2.3.7.1 Protein purification 

The end-to-end distance of a multi-domain protein was assessed by measuring the inter-

fluorophore distance between fluorophores bridging sixteen DRESS domains. Cysteine 

residues were required for the coupling of fluorophores to proteins and were introduced 

by site-directed mutagenesis (see section 2.2.10) into a protein construct cloned in a 

pBADcLic2005 expression vector (Table 2.3) with a non-cleavable C-terminal His10-tag.  

During purification and storage, the protein was kept in reducing conditions. Typically, 

purification was performed as described in section 2.3.4 with adjusted buffer conditions. 

Briefly, lysis buffer was supplemented with 5 mM β-mercaptoethanol. The soluble extract 

containing His-tagged proteins was loaded onto a HisTrap HP column (GE Healthcare Life 

Sciences) equilibrated in buffer A supplemented with 5 mM β-mercaptoethanol. The 

column was washed with buffer A supplemented with 5 mM β-mercaptoethanol, until a 

stable baseline A280 trace was reached. His-tagged proteins were eluted in an increasing 

gradient of the concentration of imidazole of buffers A and B over 200 mL supplemented 

with 5 mM β-mercaptoethanol. Imidazole was removed by a dialysis step into 20 mM Tris, 

150 mM NaCl, 5 mM β-mercaptoethanol, 1 mM EDTA, pH 7.5 using Spectra/Por dialysis 

membrane (SpectrumLabs) (4°C, 16 hours, 5 L dialysis buffer). Size exclusion 

chromatography (SEC, see section 2.3.8) was employed in SEC-buffer (Table 2.4) 

supplemented with 5 mM β-mercaptoethanol and 1 mM EDTA, followed by concentration 

by centrifugation using a VivaSpin 20 concentrator (Sartorius) with a MWCO of ≤ ¼ the MW 

of the protein of interest at 4000 g (4 °C, 30 min per run).  To prepare the protein for 

maleimide-coupling to a fluorophore, β-mercaptoethanol was removed through dialysis 

into 20 mM Tris, 150 mM NaCl, 1 mM EDTA, pH 7.0 (4°C, 2 hours, 2 L) in a Slide-A-Lyzer 

MIDI dialysis device (MWCO 3.5 kDa, ThermoFisher) and subsequently, the protein was 

dialysed into 20 mM Tris, 150 mM NaCl, 1 mM EDTA, 2 mM TCEP, pH 7.0 (4°C, 16 hours, 

0.5 L).  

2.3.7.2 Introduction of fluorophores 

A 25-molar excess of Alexa-Fluor 488 C5 maleimide fluorophore (final concentration; 

ThermoFisher; 10 mM in DMSO) to cysteine was added in three steps to protein with free 

cysteine residues in 20 mM Tris, 150 mM NaCl, 1 mM EDTA, 2 mM TCEP, pH 7.0. The 
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reaction was performed at 20 °C in the dark for 2 hours. The reaction was quenched by 

adding a 10-fold molar excess of DTT relative to the fluorophore. Unreacted fluorophore 

was removed by dialysis into 20 mM Tris, 150 mM NaCl, pH 7.0 (4°C, 16 hours, 5 L) in a 

Slide-A-Lyzer MIDI dialysis device (MWCO 3.5 kDa, ThermoFisher). Labelled protein was 

separated from any aggregates, unlabelled protein and unreacted fluorophore by SEC (see 

section 2.3.8) using a Superdex 200 100/300 GL (volume 24 mL, GE Healthcare Life 

Sciences) equilibrated in 20 mM Tris, 150 mM NaCl, 1 mM DTT, pH 7.0.  

2.3.8 Size exclusion chromatography (SEC) 

SEC is an affinity tag-free method of protein purification, which separates proteins by size. 

Larger proteins, such as aggregates, cannot enter into the pores of the matrix, which is a 

composite of cross-linked agarose and dextran252 and elute in a smaller elution volume. 

Smaller proteins can enter these pores, leading to a longer retention time on the column 

and a larger elution volume. SEC was used to determine if the protein sample contained 

species of different oligomeric state and if required, as an additional purification step. 

Typically, a Superdex 75 16/600 column (volume 120 mL, GE Healthcare Life Sciences) was 

used for proteins with MW < 50 kDa and Superdex 200 26/600 column (volume 320 mL, 

GE Healthcare Life Sciences) for proteins with MW > 50 kDa. When the purpose of the SEC 

run was analytical, a column with a smaller volume was used.  

A suitable column was equilibrated in SEC buffer on a liquid chromatography system (Äkta 

Purifyer Box-900) equipped with pH and conductivity measurement cell (pH/C-900), UV-

detector (UV-900) and pumping system (P-900) (Amersham Biosciences). The protein was 

injected onto the column, followed by 1.1 cv of buffer and 1.5-4 mL fractions were 

collected. The elution was monitored using A280 (tryptophan and tyrosine residues) or A493 

(Alexa Fluor 488 dye). Elution fractions were analysed by SDS PAGE and fractions of similar 

purity within the same elution peak were pooled, followed by protein concentration using 

a VivaSpin concentrator 6 or 20 (Sartorius) with a MWCO of ≤ ¼ the MW of the protein of 

interest at 4000 g (4 °C, 30 min per run). If required, the oligomeric state was determined 

by SEC-MALLS (see section 2.6.1).  
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2.3.9 Validation of protein purity and molecular mass 

Protein purity was assessed by SDS PAGE (see section 2.4.1). The MW of purified proteins 

was determined by electrospray ionisation mass spectrometry (ESI MS), performed by the 

Molecular Interactions laboratory or the Metabolomics and Proteomics laboratory 

(Bioscience Technology Facility, Department of Biology, University of York) in 2 mM Tris pH 

8.0 or 25 mM ammonium acetate pH 6.5.  

2.4 Biochemical methods 

2.4.1 SDS PAGE 

2.4.1.1 Preparation of SDS PAGE gels 

Gels for SDS PAGE analysis were prepared manually to the desired percentage of 

acrylamide, which determines the resolution of protein bands with different MW (Table 

2.10). The resolving part of an SDS PAGE gel had the following composition: the desired 

concentration acrylamide (see Table 2.10; from 30% (w/v) of acrylamide, 0.8% (w/v) bis-

acrylamide, National Diagnostics), 0.37 M Tris pH 8.8, 0.1% (w/v) SDS, 0.1% (w/v) 

ammonium persulfate (APS, Acros Organics) and 0.1% (w/v) N,N,N’,N’-

tetramethylethylenediamine (TEMED, Sigma). The stacking part of an SDS PAGE gel had as 

composition: 4% (w/v) acrylamide, 0.13 M Tris pH 6.8, 0.1% (w/v) SDS, 0.1% (w/v) APS and 

0.1% (w/v) TEMED. 

Table 2.10: Resolving range of SDS PAGE gels. 

%SDS (w/v) Resolving range (MW) 

15 5-30 

10 30-100 

8 ~100-200 

 

2.4.1.2 Sample preparation and electrophoresis procedure 

Protein samples for analysis by SDS PAGE were prepared as follows. To ~1 mg/mL protein, 

sample loading buffer was added (Table 2.4), samples were denatured (95 °C, 5-15 min 

depending on sample volume) and centrifuged (13000 g, 1 min, 20 °C) prior to loading 10 

μL per lane (~7 μg protein). Typically, 6 μL Precision Plus Protein Standard MW marker (Bio-

Rad), containing 10 protein bands over the range of 10 to 250 kDa, was used to estimate 
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the MW of protein bands. Electrophoresis was performed in Tris-Glycine running buffer 

(Table 2.4) in a Bio-Rad PowerPac Basic at 200 V for approximately 40-60 min. Proteins 

were visualised by staining with Coomassie Brilliant Blue R dye solution (Table 2.4, 30 min, 

shaking), followed by destaining (10% (v/v) acetic acid, 10% (v/v) ethanol) for 2 hours 

before gels were imaged. Throughout this thesis, SDS PAGE gel analyses are aided by 

arrows indicating protein bands and a theoretical MW is provided for the proteins 

putatively represented by these arrows. 

2.4.2 Determination of protein concentration 

Protein concentration was estimated by measuring the absorbance of a protein solution at 

280 nm with the baseline absorbance determined from buffer only. The protein 

concentration was calculated according the Beer-Lambert law (Equation 2.1): 

Equation 2.1: Beer-Lambert law 

𝑐 =
𝐴

𝜀𝑙
  

where 𝑐 is the protein concentration in mol/L, A is the absorbance at 280 nm, ε is the molar 

extinction coefficient in L mol-1 cm-1 and 𝑙 is the path length of the absorbance 

measurement in cm. ε was determined from the protein sequence using the Expert Protein 

Analysis System (ExPASy) Bioinformatics Resource Portal tool ProtParam (Equation 2.2)253: 

Equation 2.2: Molar extinction coefficient ε 

𝜀 = 𝑁𝑇𝑦𝑟𝜀𝑇𝑦𝑟 + 𝑁𝑇𝑟𝑝𝜀𝑇𝑟𝑝 + 𝑁𝐶𝑦𝑠𝜀𝐶𝑦𝑠 

where NTyr, Ntrp, NCys is the total number of tyrosine, tryptophan and disulfide-bonded 

cysteine residues and εTyr, εTrp, εcys is the average absorption value of Trp (5500 L mol-1 cm-

1), Tyr (1490 L mol-1 cm-1) and disulfide-bonded cysteine residues (125 L mol-1 cm-1) as 

reported in Pace et al. (1995)254. Any cysteine residues present in proteins in this work were 

assumed to be not disulfide-bonded and as such do not contribute to the ε of the protein. 

Most proteins in this work had few tyrosine and tryptophan residues, which may cause 

>10% error on concentration estimations. Therefore, absorption measurements were 

performed in triplicate and the average value was used for protein concentration 

estimation.  
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2.5 Bioinformatics methods 

2.5.1 Secondary structure predictions 

The protein secondary structure prediction servers Jpred4255 and PSI-PRED256 were used to 

analyse the predicted secondary structure in SasC. Briefly, a PSI-BLAST257 multiple 

sequence alignment is created based on the single protein sequence provided. This 

sequence alignment is then used as input for trained neural networks, which have been 

trained on 480 protein sequences and protein structures from non-redundant protein 

families258. The prediction servers provide a predicted secondary structure and a 

confidence score. 

2.5.2 Sequence alignments 

Multiple sequence alignments (MSAs) of domains from the same family were aligned using 

Clustal Omega259,260. Low-homology sequence alignments of domains from the same 

superfamily as defined by PFam were aligned using Multiple Alignment using Fast Fourier 

Transform (MAFFT)260,261 and the Jones, Taylor and Thornton accepted point mutation 

scoring matrix (JTT PAM) 100262. 211 sequences from the seed sequences of the GA-

module, sequences of GA-modules from Uniprot entry PF01468, all sequences of the GA-

like and SpA domains from PFam185,188 and DRESS domain sequences from SasC were 

aligned. The alignment was visualised in Jalview263 and sequences containing inserts 

occurring in only 1-3 sequences were removed from the alignment, resulting in 206 aligned 

sequences. Part of this alignment is shown (Figure 3.3). 

2.6 Biophysical methods 

2.6.1 Size exclusion chromatography with multi-angle laser light 

scattering (SEC-MALLS) 

2.6.1.1 Theory 

SEC-MALLS enables the determination of molecular mass and size of molecules in solution 

by light scattering. Molecules are first analysed by SEC (see section 2.3.8), separating 

molecules based on size. Following SEC, the elution is analysed by multiple detectors, 

connected in series, such as for MALLS, quasi-elastic light scattering (QELS), UV light 

absorbance and the refractive index.  
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MALLS detectors measure the excess Rayleigh ratio Rθ, which is defined as the excess 

absolute scattering of light from a dilute solution of molecules compared to the absolute 

scattering of pure solvent, divided by the intensity of incident light. At each angle, the light 

scattering is proportional to the MW and the concentration (c) of molecules in solution. 

When molecules are smaller than the wavelength of incident light, the scattering intensity 

does not depend on the scattering angle. For larger molecules, the angular dependence of 

the scattering intensity depends on the radius of gyration, Rg, of the molecules. The angular 

dependence together with the MW can be used to obtain information about particle shape 

in solution264. 

The Rayleigh-Debye-Gans equation (Equation 2.3) describes the relationship between the 

Rayleigh ratio, Rθ, and the angular dependence of the scattering265: 

Equation 2.3: A. Rayleigh-Debye-Gans light scattering265. B. The angular dependence of scattered 
light. 

A. 
𝐾′𝑐

𝑅(𝜗)
=

1

𝑀𝑊 ∙ 𝑃(𝜃)
+ 2𝐴2𝑐 

B. 

𝑃(𝜃) = 1 −
1

3
(

4𝜋𝑛

𝜆0

)
2

sin (
𝜃

2
)

2

< 𝑟𝑔
2 > 

where 𝐾′ is a physical optical constant equal to 
4𝜋2𝑛2(

𝑑𝑛

𝑑𝑐
)

2

𝜆0
4𝑁𝐴

, 𝑛 is the refractive index of the 

solvent, 
𝑑𝑛

𝑑𝑐
 is the refractive index increment, 𝜆0 is the wavelength of incident light in 

vacuum, 𝑁𝐴 is the number of Avogadro, 𝑀𝑊 is the average MW of the molecule, 𝑃(𝜃) is 

the angular dependence of the scattered light related to the Rg independent of the shape 

of the molecule, < 𝑟𝑔
2 > is the mean square of the Rg, 𝐴2 is the second virial coefficient 

assumed zero for low concentration and 𝑐 is the concentration in g/mL. Equation 2.4, a 

reciprocal form of Equation 2.3, is linear with respect to sin (
𝜃

2
)

2

 and allows for the 

calculation of MW and <rg
2>. For simplification, only the second virial coefficient is included 

as this is sufficient expansion for 𝑃(𝜃)  to accurately describe dilute molecules with rg < 30 

nm264. 
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Equation 2.4: Inverse Zimm plot for MALLS264. 

𝑅(𝜃)

𝐾′𝑐
= 𝑀𝑊 [1 −

1

3
(

4𝜋𝑛

𝜆0

)
2

sin (
𝜃

2
)

2

< 𝑟𝑔
2 >] +

1

2𝐴2𝑐
 

Equation 2.4 can be plotted as 
𝑅(𝜃)

𝐾′𝑐
 against sin (

𝜃

2
)

2

 and allows for the determination of 

𝑀𝑊 from the intercept with the y axis and  < 𝑟𝑔
2 > from the slope extrapolated at zero 𝜃.  

QELS detects fluctuations of scattered light. The speed of fluctuating particles depends on 

their diffusion coefficient and inherently, their size in solution. The decay of the 

autocorrelation function is related to the translational diffusion coefficient266. The radius 

of hydration, 𝑅ℎ, is defined as the equivalent radius of a sphere which diffuses at the same 

diffusion coefficient as the measured molecule267 and is obtained from Equation 2.5. 

Equation 2.5: Calculation of the Rh by QELS267. 

𝑅ℎ =
𝑘𝐵𝑇

6𝜋𝜂𝐷𝑡

 

where 𝑘𝐵 is the Boltzmann constant in J/K, 𝑇 is the temperature in K, 𝜂 is the viscosity of 

the solvent in Pa٠s and 𝐷𝑡  is the translational diffusion coefficient in m2/s. The change of 

the solution refractive index with respect to a change in concentration of molecular species 

is measured by the differential refractive index (DRI) detector (Equation 2.6): 

Equation 2.6: Calculation of protein concentration from DRI264. 

∆𝑐 =
𝑛𝑠 − 𝑛𝑟

𝑑𝑛
𝑑𝑐

 

where 𝑛𝑠 is the refractive index of the dilute solution containing molecules, 𝑛𝑟 is the 

refractive index of pure solvent and 
𝑑𝑛

𝑑𝑐
 is the refractive index increment as a function of 

concentration of molecules264. The similar nature of proteins allows for a known 
𝑑𝑛

𝑑𝑐
 value 

for dilute proteins in aqueous buffer of 0.186 mL/g268. Here, the experimental value of 
𝑑𝑛

𝑑𝑐
 

is fine-tuned with an external standard, bovine serum albumin (BSA) with a known 

monomeric MW of 66.4 kDa.  



81 
 

2.6.1.2 Data acquisition and processing 

SEC-MALLS experiments were performed using an analytical Superdex 75 10/300 GL 

column, Superdex 200 10/300 GL column (24 mL column volume, GE Healthcare Life 

Sciences) or Superose 6 column, a Shimadzu LC-20AD Prominence HPLC system, a Dawn 

HELEOS-II light scattering detector with 18 parallel detectors at different angles (Wyatt 

Technologies), a SPD-20A UV/Vis detector (Shimadzu), an Optilab rEX refractive index 

monitor (Wyatt Technologies) and the analysis program Astra (Wyatt Technologies). 

Typically, 100 μL protein at 1-8 mg/mL in a suitable buffer was injected onto a SEC column 

equilibrated in matching buffer conditions (flow rate 0.5 mL/min). The A280, static light 

scattering, QELS and refractive index were recorded in series and Astra software was used 

to analyse the elution signals in parallel. The refractive index signal was calibrated to 

eliminate systematic errors by correcting the increment of the refractive index 
𝑑𝑛

𝑑𝑐
 using an 

external standard of BSA (2.5 mg/mL). 

2.6.2 Circular dichroism (CD) 

2.6.2.1 Theory 

CD detects the difference in absorption of left- and right-handed circularly polarised light 

that arises due to the electronic transitions of atoms in a protein269. The intensity of energy 

absorbed is dependent on the geometric bond angles between atoms, which are inherent 

to the secondary structure in a protein270. The resulting spectrum can be interpreted by 

performing interpolations to spectra of proteins of known secondary structure, resulting 

in an estimated amount of secondary structure present in the sample269 (Figure 2.2). The 

Dichroweb server271,272 was used for data analysis. The interpretation algorithm which fit 

the experimental data with the lowest error was the algorithm based on a general 

constrained regularisation method with local linearisation (CONTINLL)273–275, which uses a 

linear combination of reference spectra from mostly α-helical proteins. 

CD is an excellent technique to study the effect of pH and temperature on proteins and is 

complementary to nano-Differential Scanning Fluorimetry (nano-DSF), because it monitors 

the loss of secondary structure rather than the changing environment of tryptophan and 

tyrosine residues. CD cannot be used to study ionic strength effects as Cl- ions affect the 

absorption properties of the buffer, leading to low protein absorption269. 
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Figure 2.2: Typical CD spectra for different types of protein secondary structure. 1, 100% helix; 2. 
100% β-sheet; 3. 100% random coil. Plotted as function of λ in nm270.  

2.6.2.2 Data acquisition 

CD was used to determine the approximate secondary structure content and Tm (°C) of 

proteins. Experiments were performed on a Jasco J-810 CD spectropolarimeter with Jasco 

Peltier temperature control unit and Biologic SFM300 stop-flow accessory. Typically, 250 

μL 0.2 mg/mL (5-25 μM) protein was dialysed into 20 mM phosphate buffer pH 5.0-7.0 and 

measured in a quartz cuvette of path length 0.1 cm. Dialysis buffer spectra were recorded 

as buffer blanks. Individual spectra were recorded at 20 °C from 190-260 nm with a 

sensitivity of 100 millidegrees (mdeg), a data pitch of 0.5 nm, a continuous scanning mode, 

a response time of 2 s, a band width of 2 nm and 5 scans, which were averaged. Two 

channels were recorded, CD-signal and HT (voltage), where the voltage channel was used 

as a control channel: scans with a voltage over 600 V contained a disproportionate amount 

of noise and were not used for analysis.  Thermal denaturation and refolding was measured 

using CD at temperatures from 20 to 95 °C or 95 to 20 °C from 190-260 nm with a data 

pitch of 5 °C per temperature step and a temperature gradient of 2 °C/min. A delay time 

before recording scans was implemented of 30 s, other settings were as in the individual 

scan (see above).  
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2.6.2.3 Data processing 

CD data was processed using the online analysis tool Dichroweb271 using the analysis 

program CONTINLL276,274, which analyses the spectrum as a linear combination of reference 

CD-spectra and performs best in estimating α-helical fractions275, with reference set 4275. 

Unless stated otherwise, CD data was converted from mdeg into molar residual ellipticity 

(MRE; Equation 2.7), to allow comparison between proteins of different MW. 

Equation 2.7: Molar residual ellipticity 

[𝑀𝑅𝐸] =
0.1 ∙ 𝜃 ∙ 𝑀𝑊

(𝑎 − 1) ∙ 𝑙 ∙ 𝑐
 

where 𝑀𝑅𝐸 is in deg cm2 dmol-1 res-1, 𝜃 in mdeg, 𝑀𝑊 in in g/mol, a is the total number of 

amino acids in the protein, 𝑙 is the path length in cm and 𝑐 is the protein concentration in 

mg/mL. Thermal denaturation at 222 nm in MRE was normalised and converted to % 

unfolded as follows: 

Equation 2.8: Normalisation of thermal denaturation CD signal measured at 222 nm. 

%𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑𝑇=𝜏 =
𝐶𝐷𝑇=𝜏 − 𝐶𝐷𝑚𝑖𝑛

𝐶𝐷𝑚𝑎𝑥 − 𝐶𝐷𝑚𝑖𝑛

∗ (1 − 𝑥) + 𝑥 

where %𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑𝑇=𝜏 is the percentage of folded protein at temperature τ, 𝐶𝐷𝑇=𝜏 is the 

CD-signal at 222 nm at temperature τ, 𝐶𝐷𝑚𝑖𝑛 is the minimum CD-signal at 222 nm over the 

full curve, 𝐶𝐷𝑚𝑎𝑥 is the maximum CD-signal at 222 nm over the full curve and 𝑥 is the 

percentage of unfolded material at the start of the experiment (0.2 for D17, 0 for all other 

proteins; determined from CD). 

2.6.3 Nano differential scanning fluorimetry (nano-DSF) 

2.6.3.1 Theory 

Nano-DSF employs the intrinsic fluorescence of tryptophan277,278 and tyrosine 

residues278,279,280, whose emission wavelength changes upon a change in environment. As 

a protein unfolds, apolar residues in the hydrophobic core of a protein become exposed to 

water. The fluorescence signal of Tyr and Trp is detected at 350 nm and 330 nm as a 

function of an increase in temperature from 15 to 95 °C. The ratio F350/F330 reports on a 

change in fluorophore environment281. The NanoTemper Prometheus NT.48 also monitors 
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protein aggregation via light scattering. Light is passed through the sample twice using a 

mirror. Any light not reflected back is a measure for protein aggregation282.  

Nano-DSF in combination with aggregation detection is measured in disposable capillaries, 

hence any buffer condition can be measured. This makes nano-DSF an excellent technique 

to study protein stability and aggregation as a function of salt and pH.   

2.6.3.2 Data acquisition 

Experiments were performed on a Prometheus NT.48 Nano-DSF system (Nanotemper 

Technologies) using ThermControl v2.1.2 software typically in high-sensitivity capillaries 

(Nanotemper), as the intrinsic fluorescence of many proteins measured in this work 

originated from weakly fluorescent tyrosine residues rather than more strongly fluorescent 

tryptophan residues. Clearly detectable changes in fluorescence intensity ratio were 

observed from proteins with one tyrosine (see Figure 3.14).  

Typically, 10 μL 1 mg/mL protein (30-100 μM) in appropriate buffer conditions was loaded 

into a high-sensitivity capillary by capillary action. Experiments were performed in 

duplicate. An unfolding and refolding temperature gradient of 15-95 °C was performed 

with a temperature gradient of 1.3 °C/min at a laser excitation power of 100%. The Tm was 

determined by calculating the inflection point from the first derivative of the fluorescence 

ratio. For proteins with a broad unfolding transition, an additional Savitsky-Golay 

smoothing function averaging 75-155 points (full trace 900-1300 points) was applied to 

find the true inflection point.  

2.7 Nuclear Magnetic Resonance (NMR)-spectroscopy 

2.7.1 Theory 

Nuclei have a quantum-mechanical property ‘spin’, which is determined by the 

arrangement of protons and neutrons. Certain isotopes of nuclei have spin ½; these act as 

magnetic dipoles and can interact with electromagnetic fields, such as 1H, 13C and 15N283. 

Nuclei with magnetic dipoles are oriented randomly in absence of an external magnetic 

field, resulting in net zero magnetisation. Upon application of an external magnetic field, 

dipoles have a preferred orientation and align (net) to the external magnetic field; the 

energy of the parallel orientation is only slightly lower than that of the anti-parallel 
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orientation. The magnetic spin (dipole) precesses around the external magnetic field at the 

Larmor frequency (Equation 2.9): 

Equation 2.9: Larmor frequency284. 

𝜔 = 𝛾𝐵0  

where 𝜔 is the Larmor frequency in MHz, 𝛾 is the gyromagnetic ratio of the nucleus in 

MHz/T and 𝐵0 is the magnitude of the external magnetic field in T. NMR-experiments 

manipulate the net (rotating) dipole orientation by radiofrequency (r.f.) pulses, applied at 

the Larmor frequency (see Table 2.11), and detect the resulting magnetisation in the xy 

plane. Net magnetisation of dipoles always returns to the equilibrium z axis, due to 

relaxation processes involving a loss of coherence (transverse relaxation) and a return to 

equilibrium (longitudinal relaxation, see later). An NMR-spectrum is generated by a Fourier 

transform of the detected decaying magnetisation.  

Table 2.11: NMR Frequency table for different isotopes, Bruker. 

Nucleus Natural abundance (%) γ (MHz/T) B0 (T) |ω (MHz)|  

1H 99.9885 42.58 16.4442 700 

2H 0.0115 6.54 16.4442 107 

15N 0.364 -4.32 16.4442 71 

13C 1.07 10.71 16.4442 176 

 

2.7.2 Intramolecular effects result in local fluctuations of the magnetic 

field 

If all 1H nuclei in an NMR-sample were equally affected by the external magnetic field, the 

resulting 1D NMR-spectrum after an r.f. pulse would show a single resonance. Instead, the 

magnetic field experienced by nuclei depends on the environment of these nuclei within 

the protein structure. Several factors contribute to the local environment of nuclei. 

The chemical shift effect (δ, in parts per million (ppm) shift to a reference frequency) is 

influenced by an additional local magnetic field generated by the electrons in the local 

chemical environment of a particular spin. The chemical shift effect is proportional to the 

external magnetic field and is dependent on the local configuration of the electrons, which 
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creates a local magnetic field. For example, nitrogen atoms withdraw electrons from the 

N-H bond and thus, these protons experience the external magnetic field more strongly 

(deshielding)284. 

Another contribution to the local magnetic field involves the coupling of dipoles. Very 

briefly, in direct coupling through space, the coupling depends on the relative orientation 

and magnitude of the magnetic dipoles, the dielectric constant and the distance between 

the dipoles. The dipole coupling through covalent bonds, termed J-coupling, indirect 

dipole-dipole coupling or peak splitting, depends on the electron configuration that gives 

rise to local magnetic fields, which average out over longer timescales, but fluctuate on 

shorter ones285,286. 

1D 1H NMR is a great tool to determine if a protein is folded. In a folded protein, the local 

environment around nuclei is unique, resulting in an “NMR fingerprint” of the molecule. A 

folded protein shows a backbone amide proton signal dispersal around 7.5-10 ppm. In 

contrast, in an unfolded protein, there is fast exchange between many different local 

conformations. Only the average chemical shift of these conformations is observed, and 

thus result in a spectrum characteristic of an unfolded protein. The chemical shift for 

backbone amide protons in a random coil conformation is around 8-8.5 ppm287. 

2.7.3 Relaxation effects 

Proteins tumble in solution and the tumbling rate is determined by the MW of the protein, 

where larger proteins tumble more slowly. Protein tumbling is on the ~ns timescale and 

determines the timescale of relaxation processes, together with the intramolecular effects 

reported in section 2.7.2. These fluctuations lead to longitudinal and transverse relaxation 

effects, which can be described by exponentially decaying functions with different time 

constants; T1 and T2, respectively (Figure 2.3). In practice, the relaxation time constants 

are often measured for 15N, because H-N bonds are present in each amino acid (except 

proline residues) and give a good read-out of dynamics along the protein backbone. 

Proton-proton interactions are much more abundant in proteins, complicating 

interpretation of the data and the relaxation processes. 
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Figure 2.3: T1, T2 relaxation constants as a function of τC. Adapted from Reich (2017)288. 

.  

2.7.3.1 15N-T1 

Longitudinal or spin-lattice relaxation is initiated by all magnetic field fluctuations close to 

the Larmor frequency, both in the external field and in the local field289.  They act as small 

r.f. pulses in all directions, returning the magnetisation to the equilibrium z axis. This limits 

the time between pulses, as first the net magnetisation has to return to the Z-axis before 

a new pulse can be initiated. 15N-T1 relaxation is the time constant related to the process 

where 15N magnetisation returns to equilibrium at the Z-axis after a time delay τ290. Small 

molecules and very large proteins generate fluctuations at different frequencies than the 

Larmor frequency, and are therefore less affected by T1 relaxation (Figure 2.3). Small-

medium proteins have motions around the Larmor frequency and therefore, they have 

larger 15N-T1 relaxation constants289. 

2.7.3.2 15N-T2 

Transverse or spin-spin relaxation is initiated by spin-spin and dipole-dipole coupling at any 

frequency289. This slightly changes the external magnetic field that each spin experiences, 

leading to a loss of coherence while magnetisation precesses in the xy plane. This is 

measured as decaying net magnetisation in the xy plane. The rate of transverse relaxation 

is strongly influenced by the correlation time of the motions, where very fast motions in 

small molecules tend to cancel each other out, leading to slow transverse relaxation. Larger 

molecules have slower motions, which lead to a faster decay of transverse relaxation289 

(Figure 2.3). 15N-T2 relaxation is the time constant of the coherence loss of 15N 

T1

T2
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magnetisation in the transverse plane290. For small proteins, transverse relaxation is 

shorter than longitudinal relaxation and the T2 time constant determines the theoretical 

linewidth of an NMR-signal:  

Equation 2.10: Theoretical linewidth of an NMR signal. 

𝜈1
2⁄ =

1

𝑇2

 

where 𝜈1
2⁄  in Hz is the half-width at half-height of an NMR-signal and T2 is the time 

constant of transverse relaxation in s283. The real linewidth is further affected by 

inhomogeneities in the external magnetic field across the sample.  

2.7.3.3 The Nuclear Overhauser Effect 

The Nuclear Overhauser Effect (NOE) is an interaction of coupled dipoles that are close 

together (≤ 5 Å)283. In general, two coupled dipoles will show cross-relaxation of 

magnetisation as a function of the distance between the nuclei as r-6. Therefore, NOE 

restraints can be used in determining the solution structure of a protein284.  

Here, the application of steady-state NOE analysis on heteronuclei in a 1H–15N bond is used. 

Very briefly, the proton magnetisation is saturated by the application of many r.f. pulses 

with a small time delay and the effect on the magnetisation of the 15N nucleus is 

determined291. 1H-15N bonds with motions (ps-ns) faster than the molecular tumbling (ns) 

show a decreased hnNOE intensity ratio compared to less flexible parts of the protein 

backbone290 (Figure 2.4). 
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Figure 2.4: (1H, 15N)-hnNOE values for different field strengths291. 

2.7.4 Sample preparation 

Proteins with the desired isotopic label were dialysed in 20 mM sodium phosphate buffer 

in pH 6.0. A typical NMR-sample (0.6 mL) contained 10% (v/v) D2O (99.9%, Cambridge 

Isotope Laboratories). The protein concentration was adjusted to the purpose of the 

experiment: 0.2 mM was used for one-dimensional (1D) 1H NMR-spectra and (1H,15N)- 

heteronuclear single quantum coherence (HSQC) spectra of 15N-labelled proteins, while for 

relaxation experiments and backbone assignments ~1.0 mM 15N- or 15N, 13C-labelled 

protein was used.  

2.7.5 Data acquisition 

NMR spectra and relaxation data were acquired on a Bruker Avance II 1H 700 MHz 

spectrometer with room temperature triple-resonance probe or a Bruker Avance Neo with 

N2-cooled triple resonance probe (Centre for Magnetic Resonance, Department of 

Chemistry, University of York). Relaxation data was further recorded on a Bruker Avance 

III HD 1H 800 MHz spectrometer with He-cooled triple-resonance probe (Medical Research 

Council Biomedical NMR Centre, Francis Crick Institute). Solvent settings were 90% (v/v) 

H2O, 10% (v/v) D2O. Experiments were performed at 20 °C, unless stated otherwise. The 

experimental parameters were adjusted as in Table 2.13.  
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2.7.6 Data processing and referencing 

Spectra were processed in TopSpin 4.0.2 (Bruker). A zero order phase correction was 

applied in the direct dimension. Typically, a sine squared apodisation function was applied 

to the free induction decay (FID) with a sine bell shift (SSB) of 2 to improve lineshape. Data 

was referenced to the internal lock signal of 2H.  

2.7.7 Triple resonance assignment 

Triple resonance assignment experiments were recorded using non-uniform sampling 

(NUS)292, in which the time constant in one dimension is changed non-linearly in a semi-

random way. The multi-dimensional decomposition (MDD) algorithm was used to 

replenish missing data points in the full matrix, followed by processing as described above. 

Processed spectra from Topspin were imported in CcpNmr Analysis, version 2.4.2. 

Sequence-specific triple-resonance backbone assignments (1H, 15N, 13Cα, 13Cβ) were 

performed based on CBCACONH/CBCANH experiments. Other triple resonance assignment 

experiments were recorded for completeness. A detailed description of the assignment 

process is reported in 5.3.5. All assigned resonances are listed in Appendices 7.5, 7.6 and 

7.7. 

Table 2.12: T1, T2 relaxation experiment time delays. Values were randomised during measurement to 
generate unbiased results. 

 Relaxation time delays (s) 

T1 0.1, 0.1, 0.1, 0.2, 0.3, 0.5, 0.7, 1.0, 1.5, 2.0,  

T2 1, 1, 1, 2, 3, 4, 5, 6, 7, 8 (1 delay block 16.96 ms) 

 

2.7.8 Relaxation 

NMR relaxation studies provide insight into the internal dynamics of proteins on different 

timescales293, in particular those of 15N nuclei. Kay et al. (1989)290 devised a method to 

measure the longitudinal (T1) and transverse (T2) relaxation of insensitive nuclei indirectly 

by using two-dimensional pulse schemes. These transfer 1H-magnetisation onto the 

insensitive nucleus, allowing relaxation processes to happen during a time delay, followed 

by transferring the remaining magnetisation back to the 1H nuclei for sensitive detection. 
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2.7.8.1 15N-T1 

15N-T1 relaxation experiments were recorded with ten time delays in a randomised order. 

The data was processed in Topspin and imported in CcpNmr Analysis. The time delays used 

in the experiment were imported (Table 2.12). The 15N-T1 relaxation constant was 

determined by fitting an exponential decay function to the decay of the signal intensity 

(height): 

Equation 2.11: 15N-T1 relaxation. 

𝐼(𝑡) = 𝐼0𝑒−𝑅1𝑡 = 𝐼0𝑒−𝑡/𝑇1    

where 𝐼(𝑡) is the intensity at timepoint t, 𝐼0 is the intensity at timepoint zero, 𝑅1 is the rate 

constant of 15N-T1 relaxation (s-1) and 𝑡 is time (s). The time constant of 15N-T1 relaxation is 

the inverse of the rate constant of 15N-T1 relaxation.  
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Table 2.13: NMR data acquisition and pulse programs for NMR experiments. aT2_offset experiments were recorded for S03. 

Experiment Pulse program Scans Number of points  %NUS, 

NUS 

points 

Spectral width (ppm) 

 

Offset (ppm) 

   1H 15N 13C Time 

points 

Recycle  

delay (s) 

1H 15N 13C 1H 15N 13C 

               
1H zgesgp 4 8192    1  16.02   4.700   

(1H,15N)-

HSQC 

hsqcetf3gpsi 4 2048 512   1  16.23 30.00  4.700 118.0  

(1H,13C)-

HSQC 

hsqcctetgpsp 2 2048  512    16.23  80.00 4.700  40.00 

 

T1 hsqct1etf3gpsi3d 4 2048 128  10 5  15.87 28.00  4.700 118.0  

T2 hsqct2etf3gpsi3d 4 2048 128  10 5  15.87 30.00  4.700 118.0  
aT2_offset hsqct2etf3gpsi3d 2 2048 128  10 5  15.87 30.00  4.700 110.5  
aT2_offset hsqct2etf3gpsi3d 2 2048 128  10 5  15.87 30.00  4.700 125.5  

hnNOE hsqcnoef3gpsi 4 2048 256   5  15.87 30.00  4.700 118.0  

CBCANH cbcanhgpwg3d 8 2048 96 160  1 40%, 

1536 

16.23 30.00 80.00 4.700 118.0 40.00 

CBCACONH cbcaconhgpwg3d 4 2048 96 160  1 40%, 

1536 

16.23 30.00 80.00 4.700 118.0 40.00 

 

HNCO hncogpwg3d 8 2048 96 64  1 33%, 

507 

16.23 30.00 16.00 4.700 118.0 172.0 

 

HNCANNH hncannhgpwg3d 16 2048 96, 

128 

  1 33%, 

1014 

16.23 30.00, 

30.00 

 4.700 118.0, 

118.0 

 

HBHACONH hbhaconhgpwg3d 4 2048, 

192 

96   1 33%, 

1521 

16.23, 

16.32 

30.00  

 

4.700, 

4.700 

118.0  
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2.7.8.2 15N-T2 

15N-T2 relaxation experiments were processed in Topspin, before they were imported in 

CcpNmr Analysis. As the T2 relaxation rate is influenced by the 15N ppm distance from the 

15N offset, two T2 experiments were recorded for S03 with a 15N spectral width of 30 ppm 

and an offset of 110.5 and 125.5 ppm, respectively (Table 2.13). The T2 values for 

resonances with 15N ppm < 118 ppm were taken from the T2 experiment with a 15N offset 

of 110.5 and for resonances with 15N ppm ≥ 118 ppm were taken from the experiment with 

a 15N offset of 125.5 ppm. The delay times used in the experiment were imported as in 

Table 2.12. 15N-T2 relaxation constants for signals were calculated by fitting the following 

exponential decay function to the decay of the signal intensity (height): 

Equation 2.12: 15N-T2 relaxation. 

𝐼(𝑡) = 𝐼0𝑒−𝑅2𝑡 = 𝐼0𝑒−𝑡/𝑇2   

where 𝐼(𝑡)is the intensity at timepoint t, 𝐼0 is the intensity at timepoint zero, 𝑅2 is the rate 

constant of 15N-T2 relaxation (s-1) and 𝑡 is time (s). The time constant of 15N-T2 relaxation is 

the inverse of the rate constant of 15N-T2 relaxation.  

2.7.8.3 Rotational correlation time 

The isotropic rotational correlation time of a backbone amide bond, τC, is defined as the 

time it takes for that bond to rotate through one radian294. τC is calculated from the 

relaxation time constants of spin-lattice (15N-T1) and spin-spin (15N-T2) relaxation 

(Equation 2.13). The equation is valid under the assumptions of isotropic rotational 

Brownian diffusion and globular, rigid proteins with a MW under 25 kDa295. The value of τC 

is a function of the local T1 and T2 and thus is likely to be different for more rigid and more 

mobile parts of a protein. A global τc can be estimated from the average of the individual 

τc values of all the backbone amide bonds. 
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Equation 2.13: A. Calculation of the rotational correlation time295. B. error of τC.  

A. 

𝜏𝐶 =
1

4𝜋𝜈𝑁

√6
𝑇1

𝑇2
− 7 

B. 

𝛿𝜏𝐶 =
6

8𝜋𝜈𝑁

∙ |
𝑇1

𝑇2
|

1

√6
𝑇1
𝑇2

− 7

∙ √(
𝛿𝑇1

|𝑇1|
)

2

+ (
𝛿𝑇2

|𝑇2|
)

2

 

where 𝜏𝐶 is the rotational correlation time in s, 𝜈𝑁 is the frequency of 15N at 70.971 ٠ 106 

Hz, 𝑇1 is the spin-lattice relaxation constant in s, 𝑇2 is the spin-spin relaxation constant in 

s and 𝛿𝜏𝐶 is the error of parameter 𝜏𝐶. 

2.7.8.4 (1H, 15N)-heteronuclear Nuclear Overhauser Effect (hnNOE) 

(1H, 15N)-hnNOE experiments provide insight into dynamics of the amide bond on a ps-ns 

timescale293. It is measured as a ratio between signal intensities in presence and absence 

of dipolar coupling by proton saturation296, with a value over 0.5 for amide bonds in regions 

with limited flexibility and < 0.5 for amide bonds in regions with more flexibility297. (1H, 

15N)-hnNOE experiments were split into (1H,15N)-HSQC spectra in presence (NOE) and 

absence (NONOE) of 1H saturation in Topspin using the split command. Further processing 

was performed as described in section 2.7.6. The split (1H,15N)-HSQC spectra were 

imported in CcpNmr Analysis and (1H, 15N)-hnNOE-ratios of backbone amide signals were 

calculated as follows: 

Equation 2.14: 1H, 15N-hnNOE-ratios297. 

ℎ𝑛𝑁𝑂𝐸𝑌 =
𝑉𝑁𝑂𝐸

𝑌

𝑉𝑁𝑂𝑁𝑂𝐸
𝑌   

where hnNOEY is the (1H, 15N)-hnNOE-ratio of signal Y, VNOE
Y is the volume of signal Y in 

presence of 1H saturation and VNONOE
Y is the volume of signal Y in absence of 1H saturation. 

2.8 Crystallography 

2.8.1 Theory 

Protein crystallography contributes to understanding biological molecules (and processes) 

at the molecular level298. Protein structures are determined from the scattering of X-rays 



95 
 

on electrons ordered in a crystal lattice299. The crystalline state is required to enhance the 

scattering signal, because the scattering intensity from single molecules is inherently 

weak300. The scattering pattern is a result of the size and symmetry of the unit cell, defined 

as a parallelogram of four lattice points and enclosing a repeating unit in a crystal 

lattice298,299, and the location of atoms in the lattice300. The scattering pattern and intensity 

are related to the electron density map by the inverse Fourier transfer as follows, 

containing an amplitude and a phase component301:  

Equation 2.15: Calculation of the electron density map301 . 

𝜌𝑥𝑦𝑧 =
1

𝑉
∑|𝐹ℎ𝑘𝑙| 𝑒𝑖𝑎ℎ𝑘𝑙𝑒−2𝜋𝑖ℎ𝑥+𝑘𝑦+𝑙𝑧 

where 𝜌𝑥𝑦𝑧 is the electron density at position xyz, V is the volume of the unit cell, |𝐹ℎ𝑘𝑙| is 

the structure-factor amplitude and 𝑎ℎ𝑘𝑙 is the associated phase of planes ℎ𝑘𝑙. The 

amplitude component is directly measured from the intensity, but phase information is 

missing. The techniques discussed here to solve phase problem are experimental phasing 

by single- or multiple-wavelength anomalous dispersion (SAD,MAD) using heavy atoms302 

or halides303 and molecular replacement (MR)304,305. 

In experimental phasing, the location of a heavy atom is identified using anomalous 

scattering, from which initial phases can be estimated302. Anomalous scattering occurs 

when particular atoms absorb X-rays at a specific wavelength (Figure 2.5), the ‘absorption 

edge’, which changes the atomic scattering factor 𝑓 (Equation 2.16)298: 

Equation 2.16: Atomic scattering factor298. 

𝑓 = 𝑓0 + 𝑓′(𝜆) + 𝑖𝑓′′(𝜆) 

where 𝑓0 is scattering resulting from the protein and 𝑓′(𝜆), 𝑓′′(𝜆) are the real and 

imaginary components of the anomalous scattering as a function of the wavelength λ, 

respectively. Briefly, Friedel’s law states that reflections related by 180° have equal 

amplitudes and phases with equal value but opposite sign299. However, Friedel’s law is 

broken for anomalously scattering atoms298. Typically, the wavelengths λ that are selected 

for MAD (see Figure 2.5), are λ1 (peak of f’), λ2 (minimum of f’ and inflection point of f’’) 

and λ3 (remote λ). The anomalous contribution allows for an approximation of the phases 

of the anomalously scattering atoms and its application to calculate an initial electron 
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density map, solving the phase problem299. Traditionally, metal ions were used as they are 

heavier and thus result in more anomalous scattering306. However, the halide ions iodine 

and bromine are also suitable as scattering atoms303.  

 

Figure 2.5: Anomalous scattering plot of bromine with real (f’) and imaginary (f’’) components with an 
absorption edge of 0.922 Å-1. Data from Brennan and Cowan (1992)307.  

MR solves the phase problem by the use of homologous models302. A search algorithm in 

Phaser304 first rotates and then translates homologous models and selects the orientation 

where the predicted diffraction best matches the observed diffraction. The phases are 

calculated from the model and combined with the measured amplitudes, to calculate an 

initial map305. The quality of the fit is reported by the Log Likelihood Gain (LLG) and 

Translation Function Z-score (TFZ). The LLG is a measure of the accuracy and completeness 

of the model with LLG > 40 likely indicating a correct solution308. The TFZ relates the fit of 

a model to the signal-to-noise and a score above 7 indicates the structure is probably 

solved308.  

The quality of data collection is assessed to determine which dataset is of the highest 

quality. Rmerge (Equation 2.17A) represents the spread of intensities for independent 

measurements compared to their average intensity and traditionally, data were excluded 

when Rmerge exceeded 0.6-0.8. However, the value of Rmerge rises with multiplicity and using 

Rmerge as a data cut-off discards useful reflections309,310. Therefore, the precision-indicating 

merging R factor Rpim (Equation 2.17B) can be used as a modified version of Rmerge. It 

corrects for the multiplicity and predicts the measurement precision of the reflections310.  
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Equation 2.17: A. Rmerge
49 and B. Rpim 311. 

A. 
𝑅𝑚𝑒𝑟𝑔𝑒 =

∑ ∑ |𝐼𝑖(ℎ𝑘𝑙) − 𝐼(̅ℎ𝑘𝑙)|𝑛
𝑖=1ℎ𝑘𝑙

∑ ∑ 𝐼𝑖(ℎ𝑘𝑙)𝑛
𝑖=1ℎ𝑘𝑙

 

B. 
𝑅𝑝𝑖𝑚 = ∑

1

(𝑛 − 1)1/2
ℎ𝑘𝑙

∑ |𝐼𝑖(ℎ𝑘𝑙) − 𝐼(̅ℎ𝑘𝑙)|𝑛
𝑖=1

∑ ∑ 𝐼𝑖(ℎ𝑘𝑙)𝑛
𝑖=1ℎ𝑘𝑙

 

where 𝐼𝑖(ℎ𝑘𝑙) is the intensity of reflection 𝑖 as a function of ℎ𝑘𝑙, 𝐼(̅ℎ𝑘𝑙) is the average 

reflection as a function of ℎ𝑘𝑙 and 𝑛 is the number of independent observations of a 

reflection. Furthermore, the correlation coefficients (CC) between intensity estimates from 

half datasets (CC1/2; Equation 2.18B) reports on the agreement between the two halves of 

a dataset. CCwork and CCfree are defined as the standard and cross-validated correlations of 

the experimental with the calculated intensities310. CC1/2 approaches 1 for low-resolution 

data and decreases at higher resolution. A cut-off value of 0.3 is used here to select an 

appropriate resolution cut-off310. The CC for averaged data, CC* (Equation 2.18C), 

estimates the true CC of the data. When CC* < CCwork, this indicates that the 

crystallographic model overfits the data312.  

Equation 2.18: A. R-factor312, B. CC1/2  factor312 and C. CC*310. 

A. 
𝑅 =

∑ |𝐹𝑜𝑏𝑠(ℎ𝑘𝑙) − 𝐹𝑐𝑎𝑙𝑐(ℎ𝑘𝑙)|ℎ𝑘𝑙

∑ |𝐹𝑜𝑏𝑠(ℎ𝑘𝑙)|ℎ𝑘𝑙
 

B. 
𝐶𝐶1/2 =

< 𝐼2 > −< 𝐼 >2

< 𝐼2 > −< 𝐼 >2+ 𝜎𝑒
2 

C. 

𝐶𝐶∗ = √
2𝐶𝐶1/2

1 + 𝐶𝐶1/2
 

where 𝑅 is the crystallographic R-factor, 𝐹𝑜𝑏𝑠(ℎ𝑘𝑙) and 𝐹𝑐𝑎𝑙𝑐(ℎ𝑘𝑙) are the observed and 

calculated structure-factor amplitudes, < 𝐼 > is the average intensity and 𝜎𝑒
2 is the mean 

error within a half-dataset. Rwork (Equation 2.18A) describes the agreement between the 

structure factors calculated from the model and the experimental data. Rfree (Equation 

2.18A) is calculated using 5% of the experimental data not used during refinement and is 

below 0.35313-0.40314 for correct models. Model validity is assessed using the gap between 

Rwork and Rfree, temperature factors or B-factors, geometry parameters (for example, 

Ramachandran outliers315 and root mean square displacement (RMSD) bond angles and 

lengths313,316-317. 
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2.8.2 Protein crystallisation 

Conditions for protein crystal formation were screened using a concentrated protein 

solution (15-60 mg/mL) in 20 mM Tris, 150 mM NaCl, pH 7.5 and commercial crystallisation 

screens, typically Index (Hampton Research), the Joint Centre for Structural Genomics 

(JCSG)-Plus HT-96 screen (Molecular Dimensions)318, the pH, Anion, Cation Testing (PACT)- 

Premier HT-96 screen (Molecular Dimensions) 318, a screen with the additive 2-metyl-2,4-

pentandiol (MPD)319 (Qiagen) and the AmSO4 suite (Qiagen). 54 μL screening solution was 

dispensed into 96-well sitting drop trays (MRC96T-UVP, SwissCi) using a Hydra96 (Robbins 

Scientific), after which sitting-drop crystallisation conditions were dispensed using the 

Mosquito LCP robot (TTP Labtech). Protein was typically dispensed from a 96-well V-

bottom plate (Greiner Bio-One). Usually, two drop ratios were screened per plate: 150 nL 

protein solution plus 150 nL well solution (ratio 1:1) and 150 nL protein solution plus 300 

nL well solution (ratio 1:2). Plates were sealed with ClearVue sheets (Molecular 

Dimensions) and incubated at 6 °C and 20 °C (Rigaku CrystalMationTM with two Gallery HT 

incubators at 6 °C and 20 °C and MinstrelTM Hi Res UV imaging system) and imaged using a 

custom imaging scheme, following a Fibonacci series, up to 16 weeks.  

2.8.3 Cryoprotection and data collection 

All crystals were harvested using nylon loops (Hampton Research) matching the crystal size 

and soaked for 30 s-2 min in mother liquor, supplemented with 25% ethylene glycol (EG) 

as cryo-protectant if required. Crystals were vitrified in liquid nitrogen and screened ‘in-

house’ for protein diffraction on a MicroMax-007 HF generator with R-Axis IV++ image 

plate detector, VariMax HF confocal X-ray optics, Actor robotic sample changer (all Rigaku) 

and 700 series cryostream (Oxford Cryosystems). Promising conditions were optimised by 

screening the pH and precipitant concentration in a hanging-drop setting to obtain larger 

crystals, still relying on the principle of vapour diffusion320. Typically, 24-well trays (CellStar, 

Greiner) were prepared manually with 1 mL reservoir solution. 1 μL protein solution was 

mixed with 1 μL reservoir solution on siliconised glass slides, sealed with high vacuum 

grease (Dow Corning) and equilibrated against the reservoir in a hanging-drop setting. For 

experimental phasing, crystals were soaked in NaBr and NaI and tested for X-ray diffraction 

on a MicroMax-007 HF X-ray generator with a Mar345 image plate detector 

(MarResearch), VariMax HF confocal X-ray optics (Rigaku) and a 700 series cryostream 

(Oxford Cryosystems). 
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Datasets were collected at Diamond Light Source on the tuneable beamlines I03 and I04 

with oscillations of 0.1° over a total rotation range of 360° with an exposure time of 0.0375 

s per oscillation. If required, crystals were washed with liquid nitrogen to remove surface 

ice, before data collection. For experimental phasing, the wavelength of the ‘absorption 

edge’ of Br determined by a fluorescence scan was 0.9202 Å. For native data, the X-ray 

wavelength was 0.9795 Å. Spot finding and integration were performed using the ‘3dii’ 

pipeline in xia2321, the integrated reflections were imported in CCP4i322, followed by scaling 

and merging in Aimless323.  

2.8.4 Crystallisation of D1617 

D1617 was crystallised at 36 mg/mL in JCSG-Plus HT-96 (Molecular Dimensions) in 0.2 M 

lithium sulfate, 50% (v/v) polyethylene glycol (PEG) 400, 0.1 M sodium acetate, pH 4.5 (well 

A1). The crystallisation conditions were optimised in a hanging drop 24-well setting to 0.2 

M lithium sulfate, 50-52.5% (v/v) PEG 400, 0.1 M sodium acetate, pH 4.9. Crystals of ~0.5 

mm size formed within 24 hours at 4°C and 20°C. No additional cryoprotectant was 

required for vitrification.  

Protein crystals from the optimised crystallisation condition in 0.2 M lithium sulfate, 50% 

(v/v) PEG 400, 0.1 M sodium acetate pH 4.9 at 4°C were used for halide soaks. As no 

suitable MR model was available, a halide soak was attempted for 1 min in 2.0 M NaBr 

prior to vitrification to obtain phase information. Protein diffraction was confirmed ‘in-

house’ prior to X-ray diffraction data collection at the Diamond Light Source (see section 

2.8.3), where a dataset was obtained with a maximum resolution of 1.62 Å.  

2.8.5 Structure determination and refinement of D1617  

First, experimental phasing was attempted as no suitable homologous model for MR was 

available in the PDB. Anomalous scattering was detected by SHELXC324 in the dataset 

recorded at the Br ‘absorption edge’ up to a resolution of 2.9 Å (Figure 2.6A), however 

SHELXD325 failed to correctly place Br ions in the unit cell, as the CCall was below 30 for all 

Br ions placed326 (Figure 2.6B). Crank2327 and AutoSol328 also failed to correctly place Br 

ions in the unit cell (data not shown).  
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A. B. 

 

Figure 2.6: SHELX analysis of D1617 SAD data. A. Output from SHELXC324 with the anomalous 
signal-to-noise shown as d’’/sig as a function of resolution. Red: anomalous signal is not significant. B. 
Output from SHELXD325; CCall is the CC between anomalous differences calculated from the placement 

of Br ions and experimental data, and CCweak is the CC for 30% of data not used in this process. 

MR was performed using 1-6 ideal α-helices of length 6-14 amino acids in Phaser304, as in 

silico analyses and CD experiments showed that D1617 contained a high proportion of α-

helices (see section 3.3.7.2). Models containing ideal α-helices are expected to be highly 

accurate but very incomplete. To distinguish correct solutions, no packing errors were 

allowed, a TFZ-score cut-off for a ‘solved’ solution of at least 0.75 was required, and the 

best 100 solutions were output. Dr Huw Jenkins is acknowledged for ideal α-helix models 

and advice on Phaser settings. Importantly, translational non-crystallographic symmetry 

(tNCS) settings were used to exclude packing clashes in the translation function. Only MR 

attempts using ideal α-helices of 13 amino acids in length succeeded in placing helices in 

the electron density and avoiding packing clashes, resulting in a TFZ of 7.76 and LLG of 81.  

This MR solution was extended from 39 residues into a polyalanine model containing 151 

residues (94% of the expected total amino acids) using SHELXE329. The resulting CC 

between the native intensities and those from the model increased to 44%, where a CC-

value over 25% indicates that the structure is probably solved. Model building was 

continued using Buccaneer330 and ARP/wARP331. The model was refined to a resolution of 

1.62 Å by alternate cycles of manual corrections in Coot332, followed by refinement using 

REFMAC5333 and phenix.refine334,335 using anisotropic B-factors for individual atoms. The 

final model comprises residues 1811 to 1962. Figures were prepared using CCP4MG336. 

2.8.6 In silico analysis of D1617 

2.8.6.1 Properties of the interface of tandem domains 

The buried surface area (BSSA) represents the area buried by the formation of the 

interface. The relative surface area (RSA) is the ratio of the percentage of the solvent 
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accessibility of residue X in the structure, compared to an extended tripeptide Ala-X-Ala. 

These values are calculated as follows: 

Equation 2.19: Surface area calculations. A. BSSA. B. RSA. 

A. B. 

𝐵𝑆𝑆𝐴 =  
𝐴𝑆𝐴𝐷16 + 𝐴𝑆𝐴𝐷17 − 𝐴𝑆𝐴𝐷1617

2
 𝑅𝑆𝐴 =

∑ 𝐴𝑆𝐴𝑥
𝑝

𝑥

∑ 𝐴𝑆𝐴𝑥
𝑐

𝑥

∗ 100% 

where ASAY is the solvent accessible surface area of protein (domain) Y, ASAx
p is the ASA 

for amino acid X in the protein structure and ASAx
c is the ASA for amino acid X in an 

extended tripeptide Ala-X-Ala. The solvent accessible surface areas (ASAs) were calculated 

by Naccess337.  

2.8.6.2 Determination of key residues in the DRESS interface 

PISA calculates the contribution of each residue to the solvation energy and interface area 

upon formation of the interface, taking into account energetic contributions from van der 

Waals interactions, hydrogen bonds and salt bridges338. ‘Hotspots’ are conserved residues 

in interfaces with a very low ASA due to the formation of the interface. They are spatially 

close to interacting residues and therefore exclude water molecules from the binding 

interface. They make significant energetic contributions to the stability of the 

interface339,340. HotSprint340 uses the increase in BSSA upon formation of the interface, the 

sequence conservation at a position and the propensity of amino acids to occur in hotspots 

to predict which residues energetically contribute strongly to the formation of an interface, 

based on the O-ring theory341,342. 

2.9 Small angle X-ray scattering (SAXS) 

2.9.1 Theory 

SAXS of proteins in solution provides information on their shape, size and flexibility114. X-

ray scattering is radially averaged as proteins are assumed to be in random orientations in 

solution and plotted one-dimensionally as scattering intensity I(q) as a function of the 

momentum transfer vector q = 4𝜋
sin 𝜃

𝜆
 (Figure 2.7B), where 2𝜃 is the scattering angle and 

𝜆 is the radiation wavelength (nm)343. The distance distribution function P(r) describes the 

probability distribution of the distance r between two particles in the protein as a function 



102 
 

of r (Figure 2.7C). The shape of the logarithmic scattering I(q) and P(r) as a function of q 

and r is indicative of the particle shape in solution344 (Figure 2.7). 

A. B. C. 

 

Figure 2.7: Scattering intensities and distance distribution functions of geometrical 
bodies (adapted from Svergun and Koch, 2003)344.  A. Particle shape. B. Shape of 
logarithmic I(q). C. Shape of P(r). 

The scattering intensity is described by Equation 2.20345:  

Equation 2.20: Scattering function I(q)345. 

𝐼(𝑞) = 4𝜋 ∫ 𝑝(𝑟)
sin 𝑞𝑟

𝑞𝑟
𝑑𝑟

∞

0
  

where I(q) is the scattering intensity and ∫ 𝑝(𝑟)
sin 𝑞𝑟

𝑞𝑟
𝑑𝑟

∞

0
 is the spherically averaged 

electron density distribution. At very low scattering angles, the scattering intensity can be 

estimated using the Guinier approximation343,345 as follows: 

Equation 2.21: Guinier approximation343,345:  

Ln 𝐼(𝑞) = Ln 𝐼(0) − 
𝑞2𝑅𝑔

2

3
 

where 𝐼(0) is the extrapolated scattering intensity at zero scattering angle and 𝑅𝑔 is the 

radius of gyration. This approximation is valid for rod-like particles for 𝑞𝑅𝑔 ≤  1.1345, while 

globular proteins typically have a valid Guinier approximation for qRg < 1.3346.  In the 

Guinier plot, Ln 𝐼(𝑞) is plotted as a function of 𝑞2, allowing to determine 𝐼(0) from the 

intercept and 𝑅𝑔 from the slope. The modified Guinier approximation (Equation 2.22) is 

valid for rod-like particles and allows for the determination of the Rg of the cross-section 

of the rod344,345: 
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Equation 2.22: Modified Guinier approximation344,345: 

Ln [𝑞𝐼(𝑞)] = Ln 𝐼𝑐(0) −  
𝑞2𝑅𝑐,𝑔

2

2
 

where 𝐼𝑐(𝑞) is the cross-sectional intensity at q, 𝐼𝑐(0) is the extrapolated cross-sectional 

scattering intensity at zero scattering angle and 𝑅𝑐,𝑔 is the radius of gyration of the cross-

section of the rod. Plotting Ln [𝑞𝐼(𝑞)] as a function of 𝑞2, the 𝑅𝑐,𝑔 can be determined from 

the slope of the linear proportion of the curve. The Porod exponent can be determined 

from the Porod plot, where Log 𝐼(𝑞) is plotted as a function of Log 𝑞. Here, the Porod 

exponent is defined as the negative slope of the mid-q scattering region with the following 

relation to the shape of the scattering molecule347–349 (Table 2.14): 

Table 2.14: Porod exponent and shape of molecule347–349.  

Porod exponent Molecular shape 

1 Rigid rod 

2 Random coil, thin circular disk 

3 Collapsed polymer chain, globular three-dimensional protein with rough 
surface 

4 Well-folded three-dimensional protein with smooth surface 

 In a Kratky plot, 𝑞2𝐼(𝑞) is plotted as a function of 𝑞 and the shape of the plot provides a 

qualitative indication of folding of particles in solution (Figure 2.8)343,350. Well-folded 

proteins typically display a bell-shaped curve, converging to the baseline at higher values 

for q. Unfolded or flexible proteins do not converge back to baseline. 

 

Figure 2.8: Kratky plot with qualitative indications of protein folding. Adapted from Kikhney and 

Svergun, (2015)343. 

P(r) is obtained by Fourier inversion of the scattering intensity function, as follows: 
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Equation 2.23: Distance distribution function P(r)345. 

𝑃(𝑟) =
1

2𝜋2 ∫ 𝐼(𝑞) ∙ 𝑞𝑟 ∙ sin 𝑞𝑟 ∙ 𝑑𝑞
∞

0
 for 0 < 𝑟 <  𝐷𝑚𝑎𝑥  

where ∫ 𝐼(𝑞) ∙ 𝑞𝑟 ∙ sin 𝑞𝑟 ∙ 𝑑𝑞
∞

0
 is the spherically averaged scattering function, r is the 

distance between two particles and 𝐷𝑚𝑎𝑥 is the largest dimension of the particle. 

2.9.2 Sample preparation 

SAXS analysis was performed on D0710 and D0118 in SEC-SAXS mode. 60 μL D0710 at 7 

mg/mL and D0118 at 0.36 mg/mL in 20 mM Tris, 150 mM NaCl, 1 mM EDTA, pH 7.5 were 

vitrified in liquid nitrogen. SEC-SAXS analysis of D0710 was performed on a Superdex 

increase 3.2/300 column (cv 2.4 mL) and of D0118 on a Shodex KW404-4F column (cv 4.6 

mL) at Diamond Light Source beamline B21.  

2.9.3 Data collection and processing 

All data was collected at Diamond Light Source beamline B21 on a Pilatus SM detector over 

a range of 0.0037 – 0.50 Å-1 at a wavelength of 1 nm. Data was analysed using the ATSAS351 

software suite (European Molecular Biology Laboratory (EMBL)). The SAXS scattering data 

as function of the elution frame was loaded into CHROMIXS. Elution of protein was 

detected by measuring the A280 signal. Coupled 18-angle static light scattering detectors 

(Wyatt) estimated the Rg. Buffer subtraction was performed by subtracting buffer frames 

from peak elution frames. The resulting scattering intensity was restricted to the range 

containing a sufficient signal-to-noise ratio by SHANUM352. 

The Rg was determined from a Guinier plot (Equation 2.21)345,346. The cross-sectional Rc,g of 

rod-like proteins was determined from the negative slope of a modified Guinier plot of the 

product (Equation 2.22). The MW was estimated based on a relative intensity scale without 

shape assumptions from an integral of the Kratky plot, where q2*(I(q)) is plotted as a 

function of q, using the online tool provided by Fischer et al. from www.saxs.ifsc.usp.br353. 

The Porod exponent was obtained from the Porod plot, 10Log I(q) as a function of 10Log q, 

and informs about the shape of the molecule (Table 2.14)347. 

P(r)354 is calculated using the software tool GNOM355 in ATSAS (EMBL)351. The diameter of 

the scattering molecule was estimated from the inflection point of P(r)345. The maximum 

dimension of the particle, Dmax, was obtained from the maximum r of P(r). 

http://www.saxs.ifsc.usp.br/
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2.9.4 Ab initio modelling 

To quantitatively determine if the elongated rod-like molecules were flexible, ensemble 

optimisation modelling (EOM) was employed356. Rigid bodies comprising the molecule (see 

section 2.9.4.1) were provided, which were translated and rotated into 10,000-100,000 

possible ensembles. The theoretical scattering intensity of these ensembles was then 

calculated, where χ2 is the discrepancy between the scattering curves of the models and 

experimental data. Subsets of ensembles were selected from the pool to best represent 

the data and avoid redundant model incorporation. Typically, an ensemble consists of 1-5 

models for rigid molecules and 10-25 models for flexible molecules.  

EOM 2.0 was downloaded as part of the ATSAS351 software suite (EMBL) and runs for D0710 

were performed assuming no core symmetry (P1), a random coil-like Cα distribution, no 

fixed subunits, an initial ensemble of 100,000 models, a harmonics setting of 50 optimised 

for large molecules, qmax = 0.35 Å-1, 100 points, using the genetic algorithm.  

EOM runs on D0118 required too much computer power to be run on the local desktop 

computer, due to the ensemble comprising eighteen rigid-body models and generating a 

large number of models. Therefore, the online EOM server was employed, where the 

harmonics setting was 15 (out of 10-50) by default, which is non-optimal for rod-like 

proteins, and the number of models is limited to ten. 

2.9.4.1 Input generation for EOM on D0710 

EOM input sequences and rigid bodies are required to match. As no crystal structure was 

available for D0710, assumptions had to be made regarding the crystal structure of D0710. 

D0710 consists of four DRESS domains. Therefore, EOM was run with various rigid body 

inputs, in an effort to best estimate the crystal structure of D0710 (Table 2.15). The rigid 

body input ‘D17,D17,D17,D17’ was omitted, because the number of residues in the ‘D17’ 

part of the ‘D1617’ crystal structures is lower than in the ‘D16’ part, leading to a model 

containing too few amino acids in rigid bodies to accurately represent D0710. The 

sequence files were adjusted to match the provided rigid body content.  
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Table 2.15: EOM input models.  

Number of 
DRESS 
domains 

Rigid body crystal 
structures 

Number of amino acids in 
rigid body crystal 
structures 

Number of amino acids in 
D0710 

4 D16, D16, D16, D16 313 313 

4 D16, D1617, D17 313 313 

4 D1617, D1617 304 313 

 

2.9.4.2 Assessment of conformational variety in EOM pools 

EOM provides a flexibility measure of the selected ensemble structures and the ensemble 

structures in the pool, Rflex
356. This value approaches 0% for a fully rigid system and 100% 

for a fully flexible system. The structures in the pool sample a wide conformational space 

and have Rflex values of 85-90%. For the selections representing D0710, the Rflex is 

significantly  lower than the pool; thus, these models have a narrow conformational space, 

suggesting limited flexibility357 (see Table 4.5).  

The limited flexibility is supplemented by the population distribution of Dmax and Rg for 

different EOM inputs (Figure 2.9). The distribution of the selections of EOM runs is 

narrower compared to the distribution of the pools and feature only one maximum, 

indicative of a shared characteristic for the model/ models in the selections358. If D0710 

contained a significant proportion of particles in, for example, a bent conformation, 

another peak in the Dmax and Rg distribution would have been expected357.  

 

Figure 2.9: Distribution of Dmax (nm) and Rg (nm) of models in the pool and selection of EOM runs 
containing different rigid body crystal structures. 
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2.9.4.3 Ab initio modelling of D0118 using the AllosMod-FoXS server 

Models of DRESS domains generated by SwissModel were provided as input to the 

AllosMod-FoXS server359, https://modbase.compbio.ucsf.edu/allosmod-foxs/#. The 

scattering profile was supplied and a model was generated. The server only generated 

output comprising eighteen DRESS domains when these were manually assembled into a 

single PDB-file. Based on the experimental scattering data, domain orientations and linkers 

were optimised. 

2.10 Single-Molecule High-Resolution Imaging with 

Photobleaching (SHRImP)  

2.10.1 Theory  

Total internal reflection fluorescence (TIRF) microscopy is used to create an evanescent 

electromagnetic field at the interface between two media when the refractive index of the 

second medium is lower than that of the first medium and the incident angle is larger than 

the critical angle Θcrit
360 (Equation 2.24A). This enables background fluorescence 

suppression of fluorophores in solution due to optical sectioning360. The penetration depth 

𝑑𝑒𝑓 of the evanescent field is calculated from Equation 2.24B: 

Equation 2.24: Critical angle (A) and penetration depth (B) for TIRF. 

A. B. 

Θ𝑐𝑟𝑖𝑡 = sin−1 (
𝑛2

𝑛1
)  𝑑𝑒𝑓 =

𝜆

4𝜋
(𝑛1

2𝑠𝑖𝑛2(Θ) − 𝑛2
2)−

1
2 

where Θ𝑐𝑟𝑖𝑡 is the critical angle, 𝑛1 is the refractive index of quartz (1.46),  𝑛2 is the 

refractive index of water (1.33) and λ is the wavelength of incident laser light. Θ𝑐𝑟𝑖𝑡 for an 

evanescent field is 66 degrees. With an incident wavelength of laser light of 488 nm to 

excite an Alexa Fluor 488 (A488) dye and an angle of 67 degrees, the penetration depth is 

201 nm. However, it should be noted that the intensity of the evanescent field decays 

exponentially with distance from the interface where total internal reflection occurs. 

https://modbase.compbio.ucsf.edu/allosmod-foxs/
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Figure 2.10: Schematic of the setup for SHRImP-TIRF microscopy.  Top: legend, where stars represent 

A488 fluorophores (green: fluorescent; grey: non-fluorescent). 

TIRF microscopy (Figure 2.10) is used to determine the inter-fluorophore distance between 

two A488 dyes by SHRImP361. SHRImP allows the measurement of distances larger than 

those detected by fluorescence resonance energy transfer362,363 (FRET, up to 10 nm) and 

smaller than those detected by conventional light microscopy, which has the diffraction 

limit d (Equation 2.25A), here estimated to be a minimum of 174 nm. In our application of 

the technique, two fluorophores emit fluorescence intensity within a distance of 60 nm.  

Equation 2.25: Diffraction limit. 

𝑑 =
𝜆

2𝑁𝐴
 

 

where λ is the wavelength of incident light, here 488 nm and NA is the numerical aperture, 

here 1.4. 

SHRImP is a super-resolution imaging technique, which relies on the sequential 

photobleaching of fluorophores361. The diffraction limit describes that the distance 

between fluorophores with an overlapping PSF cannot be resolved364. In contrast, 

individual fluorophores can be localised with high precision by fitting a Gaussian 

distribution to their fluorescence intensity pattern of PSF365. In SHRImP, the individual PSFs 

of pairs of fluorophores are determined from photobleaching. Pairwise photobleaching 

events are characterised by two steep drops or step-wise decreases in fluorescence 

intensity (Figure 2.11A). The amplitudes of these drops can vary, based on the evenness of 

the sample illumination with the laser, the dipole-dipole orientation between the 
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fluorophores, the local environment of the fluorophores and ‘blinking’ (see later). The 

intensity pattern of the second-to-bleach fluorophore is obtained in a straight-forward 

manner, while the intensity pattern of the first-to-bleach fluorophore is obtained by 

subtraction of the PSF for the second-to-bleach fluorophore from the PSF for both 

fluorophores (Figure 2.11B). Both PSFs are fitted with a Gaussian distribution to localise 

the fluorophores, from which the inter-fluorophore distance is calculated361. Each 

fluorophore pair is expected to have a PSF which is circular in cross-section, because the 

pixel size is larger than the inter-fluorophore distance and the fluorophores have an 

emission dipole that rotates on a much shorter timescale than the imaging366. Therefore, 

pairwise bleaching events with an initial fluorescence eccentricity ratio outside 0.85-1.15 

are rejected. 

A. B.   

 

  

   

Figure 2.11: Schematic of SHRImP measurements. A. Pairwise photobleaching event. Red: raw data. 
Black: fit of photobleaching steps. B. Schematic of experimental method. For clarity, double intensity 

fluorophore shown as an ellipse rather than a circle. 

Occasionally, fluorophores transition into a non-fluorescent state without being bleached 

by laser excitation (Figure 2.12A). This process is called ‘blinking’ and complicates analysis, 

as the on-off switching does not lead to the expected double stepwise decay in 

fluorescence. To prevent blinking, Trolox is added to the imaging buffer. Trolox (Figure 

2.12B)367 is an analogue of vitamin E, which quenches the triplet state via electron transfer 

(Figure 2.12A), thus preventing entry into a “dark” state. Trolox can also recover the singlet 

state from the “dark” state (Figure 2.12A). 
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A. B.  

 

 

Figure 2.12: Trolox mechanism. A. S0: singlet ground state. S1: singlet excited state. T1: triplet state. 
Adapted from Cordes et al.367 B. Molecular structure of Trolox368. 

2.10.2 Sample preparation 

Imaging buffer was prepared to a final concentration of 10 mM N-(2-

hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (HEPES), 10 mM NaCl, 1 mM Trolox, 5 

mM β-mercaptoethanol, pH 7.0 or 10 mM 2-(N-morpholino)ethanesulfonic acid (MES), 10 

mM NaCl, 1 mM Trolox, 5 mM β-mercaptoethanol, pH 6.5. A fresh 100 mM Trolox solution 

was prepared prior to each measurement as follows: 25 mg Trolox (Acros Organics) was 

dissolved in 150 μL methanol by vortexing and sonication. In a separate 1.5 mL microfuge 

tube, 50 μL 5 M NaOH was diluted with 800 μL MQ. The Trolox solution was added to the 

microfuge tube and mixed by vortexing. 

A protein sample was prepared using 1 μL fluorescently labelled protein stock of 1 nM, 10 

nM or 100 nM (depending on the desired concentration, for production please refer to 

section 2.3.7), 2 μL well-mixed 5 μm diameter silica bead slurry for an even sample 

chamber height and 47 μL imaging buffer. 30 μL protein sample was pipetted dropwise 

across the length of a quartz slide functionalised with 2 or 20 μg/mL poly-D-lysine and 

covered with a glass coverslip (no. 1). The short edges were sealed with transparent nail 

varnish and while drying, the long edges were prevented from drying out by application of 

some imaging buffer. This created a flow cell, which was washed with 0.5-1 mL imaging 

buffer to remove unbound protein and lower the background fluorescence. The long edges 

were sealed with transparent nail varnish. When dry, a drop of glycerol was applied on the 

middle of the quartz slide, on which the quartz prism was placed, to match the refractive 

index of the quartz. The sample was mounted in the microscope with a drop of immersion 
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oil (Zeiss) on the glass coverslip surface and brought into focus using the silica beads as 

focussing aid.   

2.10.3 Data collection 

The protein sample was scanned using a high electron multiplying charge-coupled device 

(emCCD) with gain 50 and a short exposure time (33 ms) to minimise initial photobleaching. 

A sample area was selected where fluorophores were well-dispersed and this area was 

brought into focus, after which the laser illumination of the sample was shuttered to 

prevent photobleaching of fluorophores before video data acquisition was started. The 

imaging settings were changed to a low emCCD gain (10-20), an exposure time of 200 ms 

and the video length was set to 150 frames. A video was recorded in which fluorophores 

were irreversibly bleached, after which the shutter was closed to prevent unnecessary 

laser illumination of the sample. Imaging settings were returned to high gain/ short 

exposure time to find another imaging area. Typically, up to ~100 videos could be recorded 

per sample. 

2.10.4 Data processing 

2.10.4.1 Selection of pairwise photobleaching events 

A .tiff image stack file was opened in ImageJ and exported as a video in .gmv format using 

the ImageJ369 plug-in “Export as AVI and GMV”. In GMimPro370, the .gmv video was opened, 

the full width at half maximum was increased to 400 nm and the temporal filtering 

parameter TempFilter was set to 3 to reduce the noise. The single fluorophore detection 

algorithm (SFDA)370 was run to detect fluorophores, subtract the background fluorescence 

and track the fluorophores over the course of the video. The fluorescence intensity as a 

function of time was manually inspected for each set of x,y-coordinates detected by SFDA 

and the coordinates of events in which two fluorophores bleached were saved in a .txt file. 

After all photobleaching events were inspected, individual 10 x 10 pixel2 videos were 

exported for all pairwise photobleaching events using the plug-in “Export particles” in 

ImageJ.  

2.10.4.2 Determination of inter-fluorophore distance 

A Matlab script kindly provided by Dr Herman Fung57 was used to determine the inter-

fluorophore distance. Briefly, it analyses the videos as follows. First, it identifies the decay 
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steps in fluorescence using a step-preserving Chung-Kennedy filter. Then, the intensity 

within each step is averaged over the frames within the step. A Gaussian distribution was 

fit to the resulting PSF for each fluorophore. The position of each fluorophore was 

determined from the maximum of the Gaussian fit using the first derivative of the Gaussian 

intensity. Finally, the inter-fluorophore distance was calculated as follows: 

Equation 2.26: Calculation of inter-fluorophore parameters. A. Inter-fluorophore distance. B. Error.  C. 
Eccentricity. 

A. 

𝑑𝑓1,𝑓2 = 𝑙𝑝𝑖𝑥𝑒𝑙√(𝑥1 − 𝑥2)2 + (𝑦1 − 𝑦2)2  

B. 

𝑒𝑟𝑟𝑑𝑓1𝑓2
=

𝑑𝑓1,𝑓2

2
∗ √(2√𝑒𝑟𝑟𝑥1

2 + 𝑒𝑟𝑟𝑥2
2 ∗ (𝑥1 − 𝑥2))

2

+
(2√𝑒𝑟𝑟𝑦1

2 + 𝑒𝑟𝑟𝑦2
2 ∗ (𝑦1 − 𝑦2))

2

(𝑥1 − 𝑥2)2 + (𝑦1 − 𝑦2)2
 

C. 

𝑒𝑐𝑐𝑓1,𝑓2 =
𝑤𝑦

𝑤𝑥

 

where 𝑑𝑓1,𝑓2
is the inter-fluorophore distance in nm; 𝑙𝑝𝑖𝑥𝑒𝑙 is the size of a pixel in the 

magnified video image, here 97.7 nm; 𝑥𝑛, 𝑦𝑛 are the x- and y-coordinate of fluorophore n; 

𝑒𝑟𝑟𝑑𝑓1𝑓2
 is the error of the inter-fluorophore distance in nm; 𝑒𝑟𝑟𝑥𝑛

, 𝑒𝑟𝑟𝑦𝑛
 are the errors on 

the x- and y-coordinates of fluorophore n; 𝑒𝑐𝑐𝑓1,𝑓2 is the eccentricity of the fluorescence 

intensity resulting from a fluorophore pair and 𝑤𝑥, 𝑤𝑦 are the widths of the Gaussian fits 

in the x- and y-direction. 

A filter was applied to the calculated inter-fluorophore distances based on the eccentricity 

of the PSF for a fluorophore pair366. A Matlab script kindly provided by Dr James Gilburt 

was applied to calculate the eccentricity of the fluorescence intensity of two fluorophores 

before photobleaching. The pixel size for the magnified image is 97.7 nm, thus two 

fluorophores attached to a single protein at an expected intramolecular distance of 60 nm 

will result in a circular fluorescence intensity. If the fluorescence intensity is eccentric, this 

suggests that the two fluorophores are on different proteins which could be adjacent to 

each other or cross-linked by disulfide bonds, or within aggregates. Removal of double 

photobleaching events with an eccentricity outside 0.85-1.15 should result in the selection 
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of photobleaching resulting from two fluorophores bound to the same protein within 100 

nm of each other. 

2.10.4.3 Statistical analysis 

Inter-fluorophore distances with eccentricity values within 0.85-1-15 collected at the same 

poly-D-lysine concentration and buffer conditions were plotted as histograms with 

unbiased bin sizes calculated using the Freedman-Diaconis rule371 (Equation 2.27). The 

histograms were fit with a unimodal Gaussian distribution (Equation 2.28). The average 

inter-fluorophore distance was calculated from this fit and the standard error of the fit was 

used as the error of the distribution (Equation 2.29). R2 indicates the quality of the fit and 

represents the percentage of the variability in the data explained by the fit372. The standard 

error is preferred over the standard deviation, because n is a limiting factor in single-

molecule experiments and xi comes from a normal distribution372. 

Equation 2.27: Freedman-Diaconis rule371. 

𝑏𝑖𝑛 𝑠𝑖𝑧𝑒 =
2(𝑄3 − 𝑄1)

𝑛−1
3⁄

 

Equation 2.28: Gaussian fit to inter-fluorophore distance histograms. 

𝑦 = 𝑦0 +
𝐴

𝑤√
𝜋
2

𝑒
−2

(𝑥−𝑥𝑚)2

𝑤2  

Equation 2.29: Calculation of average inter-fluorophore distance. A. Mean. B. Standard error372. 

A. 

𝑥𝑚 =
∑ 𝑥𝑖

𝑖
1

𝑛
 

B. 

𝑠. 𝑒. =  
𝑆𝐷

√𝑛
 

where 𝑏𝑖𝑛 𝑠𝑖𝑧𝑒 is in nm; 𝑄1, 𝑄3 are the first and third quartiles (with the first quartile 

defined as the middle between the smallest number and the bottom half of the median 

and the third quartile defined as the middle between the median and the top half median); 

𝑛 is the number of measurements; 𝑦0 is the offset height; 𝐴 is the area; 𝑤 is the width, 2 

SD; 𝑥𝑚 is the mean, 𝑥𝑖 is a single measurement, 𝑆𝐷 is the standard deviation and 𝑠. 𝑒. is 

the standard error. 
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2.11 Atomic force microscopy (AFM) 

2.11.1 Sample preparation 

Proteins were purified as described in section 2.3.6 and stored in 25 mM MES, 150 mM 

NaCl, pH 6.25, 2 mM TCEP at 0.4 mM.  Prior to an experiment, 50 μL of 2 μM diluted protein 

was prepared by dilution into 25 mM MES, 150 mM NaCl, pH 6.25. At the AFM-facility, a 

protein sample was prepared as follows. A gold-coated glass square (~1 cm2 piece of glass 

microscope slide) was freshly removed from the gold-coated silicon wafer (1000 Å thick 

gold layer with no titanium adherence layer, item no. AU.1000.SL NO TI, Platypus 

Technologies LLC) to minimise exposure to oxygen. The glass squares had been previously 

adhered to the gold-coated wafer using a two-component, thermally-cured, epoxy 

adhesive (EA9483, Loctite). Directly after removal, the glass square was affixed to a glass 

microscope slide using double-sided tape, and 10 μL of 2 μM protein solution was applied 

directly followed by 90 μL of 25 mM MES, 150 mM NaCl, pH 6.25. The sample was 

incubated for 5 minutes prior to AFM-experiments. 

2.11.2 Cantilever calibration 

AFM-experiments were performed on a BioScope Resolve BioAFM (Bruker). A micro-lever 

AFM probe with a soft silicon nitride tip (MLCT) was mounted in the fluid-cell probe holder. 

Probes used in this work are listed in Table 2.16. The probe holder was mounted on the 

AFM scan head and aligned using the EasyAlign platform. In the imaging mode setup, 

“PeakForce QNM mode in Fluid” under “Mechanical Properties, Quantitative 

Nanomechanical Mapping in Fluid” (Nanoscope v9.4), was selected and the appropriate 

probe type input, then the laser was aligned on the cantilever of choice (MLCT probes 

feature 5 cantilevers at one end). The laser deflection signal was maximised by centering 

on the quadrant detector. Calibration of the spring constants for these probes was 

performed in air, as the frequency of the thermal deflection in liquid was close to the 

minimum frequency detected by the system. First, the thermal deflection sensitivity was 

determined via the No-Touch calibration. Second, the spring constant was determined by 

touch calibration on a hard surface (glass coverslide, sapphire disk) using a ramp size of 

800 nm and a setpoint of 0.5 V. Then, the cantilever was wetted with AFM-buffer and the 

laser alignment and quadrant detector signal were optimised for experiments in liquid. The 

protein sample was mounted and the cantilever was engaged with the sample. When using 
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tips with a spring constant of 0.01 N/m, this process was optimised by adjusting the Engage 

set-point to 0.3 V as this accounts for cantilever fluctuation in liquid. Dr Alexander Dulebo 

is acknowledged for AFM-support and trouble-shooting.  

Table 2.16: AFM-probes. 

Name Material Estimated spring 
constant (N/m) 

Tip radius 
(nm) 

Supplier 

MLCT-BIO-C Non-conductive silicon nitride 0.01 20 Bruker 

MLCT-BIO-D Non-conductive silicon nitride 0.03 20 Bruker 

MLCT-C Non-conductive silicon nitride 0.01 20 Bruker 

MLCT-D Non-conductive silicon nitride 0.03 20 Bruker 

 

2.11.3 Data acquisition  

2.11.3.1 Protein unfolding force (F) and contour length (ΔL) 

The imaging mode was changed to “Mechanical properties, Fastforce Microview Contact 

mode in Fluid”. Force experiments were performed in matrix mode, allowing a number of 

experiments to be recorded at different locations on the sample. This allows one to see 

different protein unfolding events, rather than performing pulling experiments on the 

same location repeatedly. The speed of the cantilever was set to 200, 800 or 1500 nm/s. 

The size of the ramp was set to 800 nm to ensure the cantilever was detached from any 

protein on the surface in between force measurements. The surface hold time was 0.1-1 s 

to allow the formation of a non-specific interaction between the cantilever and a protein 

molecule on the sample. The resolution of a force measurement was 9728 points per line. 

The trigger threshold was 500 pN to minimise cantilever damage.  A schematic image of 

mechanical protein unfolding by AFM is depicted in Figure 2.13. 
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Figure 2.13: Mechanical unfolding of protein domains by AFM in solution. Proteins were immobilised 
on a gold-coated glass square by covalent bond formation between C-terminal cysteine residues and gold 
atoms. The cantilever picked up a protein via non-specific interactions. Force is applied to the probe, protein 
domains unfold and the increase in ΔL and F are detected.  

2.11.3.2 Protein refolding  

The imaging mode was changed to “Mechanical properties, Fastforce, Contact mode in 

Fluid Volume”. Force experiments were performed in a single location, studying the 

repetitive unfolding and refolding of a single protein. A ramp script was optimised from the 

default script aimed at the mechanical unfolding and refolding of the protein domain 

titin373. The optimised ramp script parameters are shown in Table 2.17.  

  

CC

Force
Laser 

beam

Folded

domains

Unfolded 

domains

Length increase

Spring 

constant 

(N/m)

Au 

S CC

Au 

S Protein domains

CC

Strep tag, Cys-Cys

Cantilever



117 
 

Table 2.17: Ramp scripting parameters. 

Steps Parameters 

Approach Time 1 s 

 Velocity 600 nm/s 

 Ramp size 750 nm 

 Trigger point 0.5-2 nN 

   

Hold Time 0.1 s 

   

Unfold Time 6-12 s 

 Force -35 to -50 pN 

   

Refold Time 2-6 s 

 Force 0 pN 

   

Retract Time 0.6 

 Velocity 1000 nm/s 

 Ramp size 750 nm 

 

2.11.4 Data processing 

2.11.4.1 Protein unfolding F and ΔL 

Trace selection was based on the number of unfolding events. For a protein with eight 

domains, up to ten unfolding events are expected: eight unfolding events for DRESS 

domains, an initial force signal representing pulling the protein into an extended 

conformation and a final force signal representing the detachment of the protein from the 

cantilever. Traces were selected which showed between four and ten unfolding events 

(between three and eight DRESS domain unfolding events), with the final event being of 

largest force233. This selection was necessary to avoid inclusion of events where multiple 

proteins were picked up by the cantilever simultaneously.  

The analysis of a protein unfolding trace was as follows. The baselines of the approach and 

retract trace were corrected by first order correction using the approach baseline as a 

source. The approach and retract traces were then smoothed by the application of a boxcar 

filter, using three averaging points and a second order filter. The first and last event were 

not analysed, as they likely originate from sources other than individual domain unfolding. 

The remaining individual unfolding events were fitted using the worm-like chain (WLC) 
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model with a persistence length (p) of 0.4 nm. The ΔL for an unfolding event was calculated 

from the difference between the fits of the WLC model (Equation 2.30)342 of two adjacent 

unfolding events.  

Equation 2.30: WLC fit 

𝐹(𝑥) =
𝑘𝐵𝑇

𝑝
[
1

4
(1 −

𝑥

𝐿
)

−2

−
1

4
+

𝑥

𝐿
] 

where 𝐹(𝑥) is the force in N at an extension of x in m, 𝑘𝐵 is the Boltzmann constant being 

1.38٠10-23 m2 kg s-2 K-1, 𝑇 is the temperature in K, 𝑝 is the persistence length in m and 𝐿 is 

the total contour length in m. 

2.11.4.2 Protein refolding  

Trace selection was based on the height and deflection error trajectories. Ideally, the 

height trajectory represents the cantilever approaching the surface over a ramp size of 700 

nm, followed by height increases representing single protein domains unfolding during the 

Retract step. The maximum increase during the Retract step was calculated to be 224 nm, 

following from 8 domains with a ΔL increase of 28 nm per domain.  A maximum height 

increase exceeding 224 nm must involve multiple proteins or a detachment of protein from 

the cantilever (or protein from the surface) and is therefore discarded. In the Return step, 

the height sensor may show a height value in the range shown in the Surface hold and 

Retract step. A value approaching the starting height indicates tip detachment of the 

protein. Finally, in the Full retract step, a sharp increase in deflection error is expected, 

representing the detachment of the protein from the cantilever.   

The increase in ΔL per individual unfolding event was determined from the height sensor 

increase. The unfolding force was determined from the deflection error channel.  
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Chapter 3. Structural characterisation of 

single and tandem DRESS domains 

3.1 Introduction 

The repetitive region of several biofilm-forming proteins has been shown to form a rod-

like region. Such proteins include SasG59, its S. epidermidis homologue accumulation-

associated protein (Aap374) and Ebh with a MW of 1.1 MDa from S. aureus (Uniprot 

accession number Q2FYJ6)58,84. In these examples, the rod-like structure likely has the role 

of projecting the functional N-terminal domain, usually involved in biofilm formation29,30, 

away from the cell wall.  

At the domain level, the repetitive regions employ diverse mechanisms to ensure 

elongation and rigidity. For example, the β-sheet rich repetitive region of SasG and Aap 

comprises repeats of G5- and E-domains. The highly stable interfaces between E and G5 

domains ensure folding of E-domains and the formation of a stable elongated rod, while E-

domains in isolation remain disordered57,59. In Epf, the repetitive region contains DUF1542 

domains; SAXS analyses of a three-domain construct and EM analyses of a sixteen-domain 

construct suggested that they form an elongated structure228, but details of inter-domain 

interfaces are unknown. In this chapter, DRESS (previously DUF1542) domains of the 

protein SasC are characterised via in silico, structural and biophysical methods.  

3.2 Aims 

In this chapter, experiments are performed to characterise the tandem DRESS domain 

interface and its effect on domain stability. To fulfil these goals, the following aims were 

set: 

• To determine the correct domain boundaries of DRESS domains; 

• To determine the crystal structure of DRESS domain in tandem; 

• To define the linker region between DRESS domains; 

• To assess the stabilising effect of the inter-domain interface. 
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3.3 Results 

3.3.1 In silico analysis of the A region of SasC 

3.3.1.1 Structure prediction 

The secondary structure of the A region of SasC was predicted by PSIPRED256,375. Following 

the YSIRK/GXXS signal peptide (see section 1.3.2), 45% of the A region was predicted to be 

disordered, followed by 55% of the A region with predicted β-sheets alternated with coil 

regions (Figure 3.1). The coil region comprised ~230 residues and the β-sheet region 328 

residues. Considering that the IgG-like domains of MSCRAMM proteins contain around 140 

residues, it might be possible that SasC contains three N-terminal domains, of which N1 

might be disordered and N2 and N3 might have an β-sheet-fold. 

 

Figure 3.1: Schematic of the domain organisation and predicted secondary structure of SasC. Top: 
signal peptides and domain annotations. Middle: domain organisation with domains to relative size. 
Numbers: residue numbers as in accession number C7BUR8. Bottom: major component of the secondary 
structure prediction per region, calculated by PSIPRED256,375 

A SwissModel376,377 run on the β-sheet-rich part of the A region of SasC (residues 241-590) 

identified the N2 domain of ACE (PDB 2z1p), a CWA protein from Enterococcus faecalis, as 

a potentially suitable model for the putative N3 domain of SasC, with a sequence similarity 

of 10% (Figure 3.2). The global model quality estimation, reflecting the expected model 

accuracy from 0 to 1, was poor at 0.11. The QMEAN, representing the “degree of 

nativeness” of Cβ atoms in the structure was also poor at -3.37, which is close to the cut-

off of -4 for low-quality models. The local quality estimate was ~0.6, also at the cut-off for 

poor quality. The N1-N2 domains of ACE are similar to the collagen hug domains N1-N2 of 

Cna (PDB 2f68, Table 3.1). No homology was detected for residues 241-430 (189 residues) 

of SasC or for the part of the A region that is predicted to be disordered.  
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Figure 3.2: SwissModel379 run of the A region of SasC.  Image was created using CCP4mg. 

Table 3.1: Structural similarity between homologues of the A regions of SasC. Shown are the ab initio 
model of SasC_431-550 and A regions of ACE (2z1p)378 and Cna (2f68)52. 

Fixed model: 
2f6852 

RMSD 
(Å) 

Number of 
res 

Fixed model:  
2z1p378 

RMSD 
(Å) 

Number of 
res 

2z1p 3.27 255    

SasC_431-550 1.34 105 SasC_431-550 0.64 104 

   2f68 3.27 255 

 

3.3.1.2 Sequence conservation 

SasC has a prevalence of 97% in clinical strains of S. aureus111. The A regions from several 

S. aureus strains were aligned and compared (see Appendix 7.2). On average, the sequence 

identity was 92.7%. The part of the A region that is predicted to be disordered, showed the 

most sequence variation and the β-sheet-rich part showed more sequence conservation.  

3.3.2 In silico analysis of the B region of SasC 

3.3.2.1 Redefining the domain boundaries of DUF1542 

Sequence alignment of the seventeen reported DUF1542 domains in SasC111 shows that 

sequence conservation between DUF1542 domains is low and that the number of residues 

comprising a DUF1542 domain is inconsistent (Figure 3.3A). Furthermore, the predicted 

secondary structure suggests that an α-helix connects the end of domain n and the start of 

domain n+1. This has been observed previously, for example in the crystal structure of 

tandem spectrin domains, which are connected by a contiguous helix379, however 

2z1p 2f68

ACE CnaSasC

SasC_431-550
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connecting elements of secondary structure might also indicate that the domain 

boundaries have been incorrectly defined. 

Figure 3.3A shows that in the literature alignment, good agreement is observed prior to 

the start of the first DUF1542 domain (D674) and following the end of the seventeenth 

predicted DUF1542 domain (V1981). This might imply that redefining the domain 

boundaries of DUF1542 would yield another complete domain. Shifting the domain 

boundaries to the start of domain ‘0’ from Figure 3.3A results in eighteen complete 

domains with a consistent number of 77 residues per domain, despite a slightly lower 

sequence conservation (28.7% instead of 30.1%, Figure 3.3B), likely due to the exclusion of 

the more different ‘capped’ domains in the literature alignment. Finally, low-homology 

sequence alignments of DRESS with other members from the same superfamily (see 

section 2.5.2) are in agreement with the new domain boundaries of DUF1542 domains, of 

which part is shown in Figure 3.3C. 

The in silico observations described above allow redefinition of the domain boundaries of 

DUF1542. A complete domain now putatively comprises three α-helices of 20, 24 and 17 

residues in length, followed by a stretch of seven residues with no predicted secondary 

structure, which may function as a linker. We have named the newly defined domain the 

DUF1542 rigid extracellular surface structural (DRESS) domain. 
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A. 

                                                                               

     
 
B. 

 
 
C. 
 

 
Figure 3.3: Sequence alignment of DUF1542 and DRESS domains in SasC and 
members of the PFam clan. A. MSA of DUF1542 domains using literature domain 
boundaries by Clustal Omega259. B. New domain boundaries. Sequences aligned by 
Clustal Omega259. C. Part of the sequence alignment from distant members from clan 
CL0598 of related triple-helical bundles aligned by MAFFT261 (see 2.5.2).  

3.3.2.2 DRESS domains in other organisms 

DRESS domains are present in multiple Gram-positive bacterial species. A blastp380,381 

search was performed using eighteen DRESS domains from SasC from S. aureus NCTC 8325-

4 to find hits in other organisms. 21-70% sequence similarities were represented in a 

phylogenetic tree (Figure 3.4). DRESS domains were found in both commensal and 

pathogenic strains of bacteria, of which 95% belonged to the phylum Firmicutes, where 
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bacteria are surrounded by a PG cell wall382. All DRESS-containing proteins contained 

sequences assigned, or predicted, as transmembrane regions, suggesting localisation of 

the DRESS-containing sequences in the extracellular environment. 

 

Figure 3.4: DRESS sequence similarity in other organisms. The search was based on S. aureus NCTC 
8325-4 DRESS domains 1-18. Colour represents similarity between species. The pyhogenetic tree was 
created using ClustalX. The branch length indicates genetic diversity. 

3.3.2.3 DRESS domains in other strains of S. aureus 

SasC is present in 97% of clinical strains of S. aureus111. The gene encoding SasC is not 

essential to S. aureus, as strains have been identified without SasC111, for example ATCC 

29213, and the gene was not annotated as essential in a comprehensive genome screen of 

S. aureus383. DRESS regions from twenty S. aureus strains (see Appendix 7.2) were aligned 

in Clustal Omega259. All strains containing SasC contain 18 DRESS domains. The average 

pairwise sequence identity of the DRESS region is 97.6%. 

3.3.2.4 DRESS domains in SasC 

The average sequence identity between DRESS domains within SasC from strain S. aureus 

NCTC 8325-4 was 28.7%259. Although there are repetitive regions with very high sequence 

conservation (90-100% in B repeats in SasG59, 82-100% in SHIRT repeats in SGO0707 (see 
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section 5.1.3)), there are other B regions with a similar sequence conservation (~24% in 

FnBPA)47. The domains with lowest sequence identity to other DRESS domains are 1 and 

18 with only 11.7% average sequence identity; as the most N- and C-terminal domains, 

they function as ‘capped’ and are likely to make different connections than the middle 

DRESS domains. This is common in other tandemly arrayed regions214. The cladogram of 

DRESS domains (Figure 3.5) does not show conclusive evidence for formation of the 

repetitive region of SasC from a direct gene duplication event; rather, it might be formed 

by gene duplication within the ancestral gene. 

 

Figure 3.5 Cladogram of DRESS domains in SasC constructed by Clustal Omega. Matching colours 

indicate most similar domain pairs as found in the cladogram.  

3.3.3  Selection of DRESS domains from SasC 

DRESS domains were selected for over-production, purification and biophysical 

characterisation from the repetitive region of SasC (Figure 3.6). The requirement for 

selection was to be representative of other DRESS domains, both within SasC (Figure 3.5) 

and across strains of S. aureus (data not shown). Domains 16 and 17 showed the highest 

pairwise percentage sequence identity in SasC in different strains of S. aureus (data not 

shown). Domain 17 was selected for the characterisation of a DRESS domain in isolation, 

as the sequence identity of D17 was higher than in D16 across SasC proteins in other strains 

of S. aureus (data not shown). D17 and D1617 are at the C-terminal end of the repetitive 

region of SasC and thus would be located close to the cell wall (Figure 3.6). 
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Figure 3.6: Schematic of SasC with regions indicated with residue numbers. Protein targets used in 
this chapter are shown. Domains are scaled to relative size. Techniques: CD: circular dichroism, CX: 
crystallography, DSF: nano-DSF, SM: SEC-MALLS 

3.3.4 Molecular biology, recombinant gene expression, protein over-

production and purification of single and tandem DRESS domains 

The DNA sequences encoding single and tandem DRESS domains were amplified from 

genomic DNA purified from the lab strain S. aureus NCTC 8325-4 by PCR (see section 2.2.6) 

and inserted into linear pET plasmids (see section 2.2.9). Recombinant protein production 

conditions were screened for optimal production of single and tandem DRESS domains in 

BL21-Gold (DE3) cells. Typically, cells were grown at 37 °C (120 rpm) in auto-induction 

media, until an OD600 of 0.6 was reached, after which the temperature was lowered to 20 

°C (180 rpm) for 16-24 hours. Successful over-production of D17 (see below) required the 

use of the fusion tag immunity protein 9 (Im9)384. All recombinant proteins produced in 

this chapter were recombinantly expressed, produced and purified using a His6-tag that 

was subsequently proteolytically removed (see section 2.3.5). An example of a test for 

optimal protein over-production conditions and subsequent purification is described 

below for His6-Im9-D17. 

A test for the optimal recombinant gene expression and protein production conditions for 

D17 was performed in LB medium with induction with 1 mM IPTG at an OD600 of 0.6 or in 

auto-induction medium at 37 °C or 15-20 °C. The fusion tags glutathione S-transferase 

(GST)385 or Im9384 linked to an N-terminal His6-tag were tested (Figure 3.7). A band of 

approximately the expected size for His6-GST-D17 (theoretical MW of 35.2 kDa) appeared 

most clearly at 20 °C. The over-production of the target protein was most pronounced in 
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auto-induction medium, which also yielded higher cell densities after incubation for 16 

hours (data not shown). A band of approximately 3 kDa larger than expected for His6-Im9-

D17 (theoretical MW of 23.1 kDa) was observed at both 15-20 °C and 37 °C with the most 

over-produced target protein in auto-induction medium. Hence, the test for the optimal 

recombinant gene expression and protein production conditions for D17 yielded the Im9 

fusion tag in auto-induction medium with incubation at 20 °C for 16 hours as optimal 

conditions. 

A. B. 

 

Figure 3.7: Test for optimal conditions of recombinant over-production of D17. Run on 
12% (w/v) polyacrylamide gels (Bio-Rad). Non-assembled, raw gel images are available in 
Appendix 7.3. Brightness of gel 1 was adjusted by +20% post-acquisition. Total fractions are 
shown. Conditions are shown at the top of the gels. Media: LB or auto-induction. 
Temperatures: 37, 20 or 15 °C. -, ±, +: 0, 4 and 16 hours after IPTG-induction or OD600 = 0.6. 
Resuspension volume was diluted according to OD600 except for ±. A. His6-GST-D17 
(theoretical MW of 35.2 kDa, single arrow) and B. His6-Im9-D17 (theoretical MW of 23.1 kDa, 
double arrow). 

His6-Im9-D17 was purified from the soluble cell extract by immobilised metal affinity 

chromatography (IMAC) using chelated nickel ions and was competitively eluted using an 

increasing gradient of Elution Buffer (see Table 2.4, section 2.3.4) containing an increasing 

imidazole concentration ranging from 20 mM (0%) to 500 mM (100%; Figure 3.8).  
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A. 

 

 

 

B. 

 

Figure 3.8: Purification of His6-Im9-D17. A. IMAC chromatogram as monitored by A280 (blue). 4 mL 
fractions were collected (numbers shown in black). B. SDS PAGE analysis of purification of His6-Im9-
D17 (theoretical MW of 23.1 kDa, arrow) on 12% (w/v) polyacrylamide gels (Bio-Rad). Brightness 
adjusted by +40% post-acquisition. -: total fraction at OD600 = 0.05 (1 hour), ±: total fraction at OD600 = 
0.4 (3 hours), +: total fraction at OD600 = 16 (18 hours). L: lysate. S: supernatant after centrifugation. F: 
flow-through. Numbers correspond to A. 

The His6-Im9 fusion tag was cleaved from D17 using HRV 3C protease (see section 2.3.5). 

The concentration of enzyme required for efficient cleavage was determined by testing 

different mass ratios of protease to target protein over a time course (data not shown).  A 

mass ratio of protease to target protein of 1:150 was selected and His6-Im9-D17 was 

incubated with HRV 3C protease for 18 hours at 4 °C (Figure 3.9A). The His6-Im9 fusion tag 

was separated from D17 by a second round of IMAC (Figure 3.9B); D17 was in the flow-

through and the His6-Im9 tag and HRV 3C protease were competitively eluted by a stepwise 

increase in the concentration of imidazole ranging from 20 mM (0%) to ~260 mM (50%). 
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A.  B.  

 

 

 

Figure 3.9: Separation of the His6-Im9 fusion tag and HRV 3C protease from target protein D17. 
Analysed on 15% (w/v) polyacrylamide gels. Brightness was adjusted by +20% post-acquisition. A. SDS 
PAGE analysis of HRV 3C protease cleavage of His6-Im9-D17 (black arrow, theoretical MW of 23.1 kDa). 
Mass ratio HRV 3C protease (red arrow, with non-cleavable His6-MBP tag, theoretical MW of 64 kDa) to 
His6-Im9-D17 1:150. D17 (green arrow, theoretical MW of 9.1 kDa) cleaved from His6-Im9 tag (blue arrow, 
theoretical MW of 13.7 kDa) during 4 °C incubation for 26 hours. B. D17 was separated from the His6-
Im9 tag and HRV 3C protease by IMAC as monitored by A280. 4 mL fractions were collected during a 
stepwise elution (numbered). 

After the second round of IMAC purification, the target protein was approximately 90% 

pure as estimated from SDS PAGE analysis (Figure 3.9A; lane F). For crystallisation 

purposes, D17 was further purified by SEC on a Superdex 75 16/600 column (GE Healthcare 

Life Sciences (Figure 3.10)). At an elution volume of approximately 8-10 mL, before the void 

volume around 40 mL, a species absorbing at 280 nm eluted. The nature of this species is 

unknown, but it does not affect the purification of D17. Around 75 mL, D17 was eluted as 

determined from an observation of a single band of the correct approximate MW by SDS 

PAGE analysis and fractions 24-25 were concentrated by spin filtration (MWCO 3 KDa, 

Sartorius).  

A.  B.  

 

 

 

  

Figure 3.10: Purification of D17 by SEC. A. SEC chromatogram of D17 on a Superdex 75 column as 
measured by A280. B. SDS PAGE analysis of SEC purification of D17 (green arrow) on 15% (w/v) 
polyacrylamide gel. 

HRV 3C cleavage large batch + 2nd nickel, 20160420, book 1 page 172. Brightness +20%.
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D1617 and D1617 with mutations across the interface (see section 3.4.3) were expressed 

and purified (Figure 3.11) in the same manner. The final yield of the recombinant proteins 

is shown in Table 3.2. The correct MW of recombinant proteins was confirmed by ESI MS 

(see Table 3.3). 

 

Figure 3.11: SDS PAGE analysis of purified recombinant proteins used in this chapter from 
assembled images of 15% (w/v) polyacrylamide gels. Brightness of right gel was adjusted by +20% 
post-acquisition. Raw images available in Appendix 7.3. 

 

Table 3.2: Final yields of recombinant proteins used in this chapter. *: accuracy of mass determination 
was low due to low extinction coefficient. Yield is displayed in mg of purified target protein per litre medium. 
All proteins were produced in auto-induction media (see Table 2.4). IMAC 2 refers to the second round of 
IMAC to remove the His6-tag and HRV 3C protease from the target protein. Isoelectric point (pI) and 

extinction coefficient (ε) were determined by ExPASy ProtParam253. 

Protein Yield  

(mg L-1) 

Last purification 

step 
pI ε (M-1 cm-1) 

D17 24* SEC 4.72 1490 

D1617 76 SEC 5.08 2980 

D1617_ T1838D 87 IMAC 2 4.97 2980 

D1617_ N1943D 88 IMAC 2 4.97 2980 

D1617_T1838D, 

N1943D 
27 SEC 4.87 2980 
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3.3.5 Determination of the oligomeric state of single and tandem DRESS 

domains 

Repetitive regions of some biofilm-mediating proteins are suggested to dimerise under 

specific conditions as a means for biofilm formation or accumulation. For example, parts 

of the repetitive region of SasG61 and Aap386,387 dimerise in the presence of Zn2+ and the B 

region of SdrC contributes to cell-cell interactions147. Here, the oligomeric state of single 

and tandem DRESS domains in solution was investigated by SEC-MALLS (for more 

information regarding the technique, please refer to section 2.6.1).  

Briefly, DRESS domains were eluted over a Superdex 75 16/600 column (GE Healthcare Life 

Sciences) gel filtration column at 7-10 mg/mL in 25 mM MES, 150 mM NaCl, pH 6.0; except 

D17, which was analysed at 5 mg/mL in 20 mM Tris, 150 mM NaCl, pH 7.5. The elution was 

monitored by detectors for static light scattering, QELS, UV absorbance and refractive 

index increments. The MW was calculated from the static light scattering according to 

Equation 2.3. The Rh was estimated from QELS according to Equation 2.4.  

All single and tandem wild-type DRESS domains tested are monomeric, based on the 

calculation of the molar masses (Figure 3.12). Around 0.6% of D1617_N1943D elutes at a 

dimeric molar mass, as estimated from the normalised DRI signal. 
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A. B. 

  

C. D. 

  

E.  

 

 

Figure 3.12: SEC-MALLS analysis of single and tandem DRESS domains on a Superdex 
75 column. Elution profile in DRI (normalised) is shown in black and the molar mass estimate 
(g/mol) in green. The theoretical MWs are listed in Table 3.3. Data is shown for A. D17 at 
3.24 mg/mL, B. D1617 at 9.38 mg/mL, C. D1617_T1838D at 4.99 mg/mL, D. D1617_N1943D 
at 5.41 mg/mL), E. D1617_T1838D,N1943D at 7.5 mg/mL. 

 

The hydrodynamic radii are shown in Table 3.3. The determination of the Rh of D17 is 

inaccurate as shown by the large standard deviation, likely because D17 is only transiently 

folded at 20 °C (see section 3.3.6).   
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Table 3.3: Molar masses of single and tandem DRESS domains as determined from ESI MS and 
SEC-MALLS. Monoisotopic masses are shown unless stated otherwise. SEC-MALLS was performed in 
25 mM MES, 150 mM NaCl, pH 6.0 unless stated otherwise. aAverage theoretical MW. bIn 20 mM Tris, 150 

mM NaCl, pH 7.5. 

Protein MW (Da) Rh  

(nm) 

 Theoretical MS SEC-MALLS  

D17 a9106.1 a9105.9 b9164 ± 55 b3.0 ± 1.5 

D1617 17810.3 17809.3 b17900 ± 72 
17730 ± 17 

b2.6 ± 0.1 
2.5 ± 0.1 

D1617_T1838D 17824.3 17823.2 17660 ± 35 2.8 ± 0.1 

D1617_N1943D 17811.3 17810.3 17390 ± 17 2.4 ± 0.1 

D1617_T1838D, N1943D 17825.3 17824.3 17350 ± 35 2.8 ± 0.1 

 

3.3.6 Degree of folding of single and tandem DRESS domains 

The degree of folding of single and tandem DRESS domains was compared by CD (see 

section 2.6.2) and 1H-NMR spectroscopy (see section 2.7). The CD spectra of D17 and 

D1617 reveal typical spectra of α-helical proteins, as expected, with a characteristic 

positive band at 193 nm and the double negative bands at 208 and 222 nm388 (Figure 

3.13A). The spectra were fitted to spectra of proteins with known secondary structure to 

calculate the percentage of α-helical secondary structure in both samples using the 

Dichroweb271 server and the CONTINLL algorithm275 (see section 2.6.2.3). D1617 contains 

93% α-helical secondary structure and D17 80%. 

The degree of folding of D17 and D1617 was subsequently analysed by 1H-NMR 

spectroscopy (Figure 3.13B). The “methyl region” of the spectrum of D1617 (<0.5 ppm) 

contains shielded signals that are shifted towards lower δ. Furthermore, the amide proton 

region of D1617 has larger dispersion, indicating that more amide protons are in a unique 

environment than the amide protons in D17. Altogether, this suggests that D1617 has a 

more stable fold than D17.  
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A. B. 

 

 

Figure 3.13: Comparison of the degree of folding of D17 and D1617. A. CD spectra of D17 (red) 
and D1617 (blue) at 22 μM in 20 mM sodium phosphate buffer, pH 5.5 at 20 °C. The signal is reported 
in MRE in degrees cm2 dmol-1 res-1. B. 1H-NMR spectra of 15N-D17 (red) and D1617 (blue). Spectra 
were offset for clarity. Protein concentrations were 0.18 mM in 20 mM sodium phosphate buffer, pH 
6.0. Recorded at 20 °C at 700 MHz. 

3.3.7 Effect of temperature on the stability of DRESS domains 

3.3.7.1 Nano-DSF 

D17 and D1617 were thermally denatured from 15 °C to 95 °C at 1.3 °C/min. Protein 

unfolding was measured by monitoring the fluorescence emission ratio F350 nm/330 nm 

and simultaneously, aggregation was measured by static light scattering (Figure 3.14A, for 

more information regarding nano-DSF please refer to section 2.6.3). 

D17 is only transiently folded at 15 °C, as indicated by the missing baseline of the unfolding 

transition, and has an estimated Tm of 34 °C (Figure 3.14A).  D1617 is fully folded, as 

indicated by the stable baseline at temperatures below 40 °C, and has a Tm of 53 °C (Figure 

3.14A). Furthermore, no aggregation was detected upon unfolding of DRESS domains. For 

clarity, a positive control for aggregation is shown (Figure 3.14B). 
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A. B. 

 

Figure 3.14: Thermal denaturation and aggregation of D17 and D1617 by nano-DSF 
monitored by A. fluorescence emission ratio and B. static light scattering. Measured on 1 
mg/mL protein in 25 mM MES, 150 mM NaCl, pH 6.0 at a gradient of 1.3 °C/min. Positive 
control for aggregation is D1617 in 25 mM MES, 2 M NaCl, pH 6.0. 

3.3.7.2 CD 

The effect of thermal denaturation and renaturation on the secondary structure content 

of single and tandem DRESS domains was monitored by CD at 222 nm (Figure 3.15A,B); the 

signal at this wavelength is proportional to the α-helical content389. 

At 20 °C, D17 is 80% α-helical as determined using the Dichroweb271 server and the 

CONTINLL algorithm275 (see section 2.6.2.3) and unfolds between 20 °C and 40 °C. The 

absence of a flat baseline at low temperatures shows that D17 is only partly folded at 20 

°C with an estimated Tm of 30 °C. In contrast, D1617 is 93% α-helical at 20 °C and shows a 

flat baseline up to 40 °C, followed by a steep unfolding transition with a Tm of 52 °C. The 

reversibility of thermal denaturation was around 90% for single and tandem DRESS 

domains (Figure 3.15C). 

The Tm values of D17 and D1617 as determined by nano-DSF agree approximately with 

those determined by CD. The sigmoidal thermal denaturation curve, sharp unfolding 

transition and the presence of an isochromatic point in CD spectra of D1617 suggest a two-

state cooperative unfolding pathway390,391. 
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A. B. 

  

C. 

 

Figure 3.15: Thermal denaturation and renaturation of D17 and D1617 by CD. 
Superposed CD spectra of A. D17 at 22 μM and B. D1617 at 11 μM in 20 mM sodium 
phosphate buffer, pH 5.5 for temperatures between 20 °C and 95 ° at 5 °C steps. The insets 

show the intercepts of the denaturation curves. C. CD signal measured in MRE at 222 nm.  

3.3.8 Effect of pH on the stability of DRESS domains 

CD spectra were recorded of D17 and D1617 to determine the effect of pH on their stability 

(Figure 3.16A,B). Both D17 and D1617 show the highest percentage of α-helical secondary 

structure at pH 5.5, 88% in D17 and 97% in D1617. This drops at pH 7.0 to 61% and 88% 

helical content for D17 and D1617, respectively. The observation that DRESS domains are 

most stable at an acidic pH, matches with the pH of a biofilm matrix of ~5.0392–394, 

putatively the physiological environment of DRESS domains on the surface of S. aureus.  

A. B. 

  

Figure 3.16: Effect of pH on D17 and D1617. A. D17 at 22 μM in 20 mM sodium 
phosphate, pH 5-7. B. D1617 at 11 μM in 20 mM sodium phosphate, pH 5-7. Spectra 
recorded at 20 °C.  
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3.3.9 Crystallography 

3.3.9.1 Crystallisation of DRESS domains and structure solution of D1617 

Crystallisation conditions were screened for D17 and D1617 (see section 2.8.2). D17 is 

more stably folded at 6 °C than at 20 °C (data not shown); therefore, crystallisation 

conditions were only screened at 6 °C, while D1617 was stable at both temperatures. 

Furthermore, the pH at which D17 and D1617 were most stable was pH 5.5 (see section 

3.3.8), close to the putative pH of biofilms392–394. This might suggest that an acidic pH could 

be beneficial for crystallisation. However, good crystallisation conditions are difficult to 

predict and therefore, a wide range of conditions was screened (see section 2.8.2). 

Crystals were obtained for both constructs (Figure 3.17A, B). D17 formed rectangular 

crystals with rounded edges within 24 hours at 6 °C in the PACT screen (Molecular 

Dimensions, pH 7.5, condition G11 in a 1:1 protein:reservoir drop). These crystals 

diffracted to ~2 Å, but the spots were elliptical and showed streaking (Figure 3.17C), 

implying the presence of multiple crystal lattices. A dataset of D17 was collected, but could 

not be solved by MR with ideal helices or a partial model of D1617 (see below).  

D1617 formed large diamond-shaped diffracting crystals within 3 days at 6 °C in a sitting-

drop setting in the JCSG-Plus screen (Molecular Dimensions, pH 4.5, condition A1 in 1:2 

protein:reservoir drop). The initial crystallisation conditions for D1617 were 0.2 M lithium 

sulfate, 50% (v/v) PEG 400, 0.1 M sodium acetate pH 4.5 yielding crystals diffracting to 2.1 

Å. Optimisation of precipitant and pH was performed in a hanging-drop setting, yielding a 

maximum resolution dataset of 1.62 Å from 0.2 M lithium sulfate, 50-52% (v/v) PEG 400, 

0.1 M sodium acetate pH 4.9. The diffraction data of D1617 (Figure 3.17D) were anisotropic 

with an estimated resolution of 1.6 Å along c and 2.0 Å along a and b395. 

A bromide soak was performed on D1617 crystals in order to solve the phase problem by 

SAD or MAD (see section 2.8.1), but bromide ions were not stably incorporated into the 

crystal lattice. Then, MR using the program Phaser304 was attempted to solve the phase 

problem using ideal helices kindly provided by Dr Huw Jenkins as search models. One to 

three ideal helices ranging in length from 6 to 15 residues were tested with settings as 

described in section 2.8.5, which were proposed by Dr Huw Jenkins; ideal helices of 13 

residues were successful as a MR model to determine the crystal structure of D1617. This 

was followed by chain extension to generate a polyalanine model, together with 
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refinement of the phases using the polyalanine model in SHELXE329 and Buccaneer330. 

Finally, model building was completed using the automated model building program 

ARP/wARP331,396, followed by manual model completion in Coot332, alternated with rounds 

of refinement using REFMAC5333 and Phenix.refine334,335. The final model had an Rfactor/Rfree 

of 0.21/ 0.26 (Table 3.4).  

D1617 crystallised with one molecule in the asymmetric unit of the unit cell. The ligands 

present in the asymmetric unit were 6 acetate ions and four molecules of PEG that were 

modelled by truncated versions of tetraethylene glycol. The presence of these ligands was 

justified by a reduction of Rfree upon introduction of these ligands. 

A. B. 

  

C. D. 

  

Figure 3.17: Crystals of DRESS domains. A. D17 in 0.2 M tri-sodium citrate, 20% (w/v) PEG 3350, 0.1 
M Bis-Tris propane, pH 7.5, grown at 6 °C in sitting-drops (PACT, condition G11). B. D1617 in 50% w/v 
PEG 400, 0.1 M lithium sulfate, 0.1 M sodium acetate, pH 4.9, grown at 4 °C in hanging-drops. C. 
Diffraction pattern from a D17 crystal using 25% EG as cryo-protectant. D. Diffraction pattern from a 

D1617 crystal (no cryo-protectant required). 
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Table 3.4: Data collection and refinement statistics for D1617. Values in parentheses correspond to 
the highest resolution shell. RMSD: root mean square deviation. CC: correlation coefficient. For the 
formulas of Rmerge, Rpim, Rwork, Rfree, CC1/2, CC* please refer to section 2.8.1. 

Parameters and statistics  Data 

Data collection   

Beamline  I04, Diamond Light Source 

Wavelength (Å)  0.97950 

Resolution (Å)  53.16-1.62 (1.68-1.62) 

   

Cell dimensions   

a, b, c, (Å)  53.89, 53.89, 323.78 

α, β, γ, ( )  90 90 90 

Space group  I4122 

   

Unique reflections  30492 (1415) 

Completeness (%)  97.5 (93) 

Multiplicity  24.9 (24.2) 

I/σ(I)  21.9 (0.4) 

Rmerge (%)  0.059 (6.849) 

Rpim (%)  0.012 (1.408) 

CC1/2  1.000 (0.34) 

Wilson B-factor  33.744 

   

Refinement   

Reflections used in refinement  30113 (2539) 

Reflections used in Rfree  1534 (135) 

Rwork  0.206 (0.569) 

Rfree  0.262 (0.647) 

CC*  1.000 (0.797) 

CCwork  0.957 (0.713) 

CCfree  0.901 (0.576) 

   

Number of atoms   

Macromolecules  1212 

Ligands  64 

Solvent   82 

Protein residues  152 

   

RMSD bonds (Å)  0.004 

RMSD angles (°)  0.048 

   

Average B-factor (Å2)  73.88 

Average B-factor of macromolecules (Å2) 71.55 

Average B-factor of solvent (Å2) 88.21 
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Average B-factor of ligands (Å2) 99.66 

   

Ramachandran plot (%)   

Favoured  98.67 

Allowed  1.33 

Outliers  0 

 

3.3.9.2 Structure of tandem DRESS domains 

Tandem DRESS domains (D1617, Figure 3.18A) form two triple-helical bundles with an 

individual domain length of 4.2 nm and a diameter of 2.0 nm. The DRESS domains are 

organised in tandem in a head-to-tail arrangement, forming an elongated, rod-like 

structure. Each DRESS domain comprises three helices that are numbered 1 through 3 and 

the subscript a and b refer to DRESS domains 16 and 17, respectively (Figure 3.18B). At the 

N-terminus of the crystallisation construct, residues remaining from the fusion tag (GPAM) 

and the two N-terminal residues from D16 (AT) were not visible. Furthermore, the C-

terminal residue (H) was not visible in the electron density map.  

A. B. 

 
 

Figure 3.18: Crystal structure of D1617. A. Ribbon diagram of D1617, rainbow-coloured from N- to 
C-terminus in blue through red. Image was created using CCP4mg. B. Topology diagram of D1617 with 
D16 in orange, D17 in yellow and the linker in purple. 

3.3.9.3 Superposition of D16 and D17 

The average pairwise sequence identity between D16 and D17 is 29%. However, the Cα 

RMSD between D16 and D17 is only 1.19 Å over 77 Cα atoms (Figure 3.19); thus, as 

expected, the DRESS domains are structural repeats.  

 

Figure 3.19: Superposition of D16 (orange) with D17 (yellow).  Image was created using CCP4mg. 
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3.3.9.4 Tilt and twist angles between DRESS domains 

The twist (Figure 3.20A,B) angle between tandemly arrayed domains was estimated using 

the secondary structure matching (SSM) tools in Coot332 and CCP4mg336, where the polar κ 

angle of the transformation matrix of the superposition in Coot was in agreement with the 

twist angle reported by CCP4mg. As it was difficult to find a quantitative, reproducible tool 

to calculate the tilt angles between tandemly arrayed domains, they are currently 

estimated manually by empirical determination (see Figure 3.20A) and quantitative 

determination via a custom script, courtesy of Emanuele Paci, University of Leeds, is in 

progress.  

A. B. 

 

 

Figure 3.20: Relative rotations within D1617. A. Tilt and twist angle. Image was created using 
CCP4mg. B. Schematic of the twist angle, viewed from the side of D1617. 

The twist angle between D16 and D17 was 139.2° and the tilt angle was 154°. In absence 

of solution studies, it is currently unclear if the tilt angle between D16 and D17 is 

physiological or if it is imposed by packing of D1617 molecules into a crystal lattice. Since 

the linker between DRESS domains is only three residues (see section 3.3.9.5), it seems 

likely that there would be insufficient space for a 180° tilt angle.  

The twist angle is 19° larger than a three-fold symmetry axis (360°/3 = 120°, see Figure 

3.20B). Assuming that the twist angle between other DRESS domains is also 139°, the B 

region of SasC comprising eighteen DRESS domains would twist round ~7 times. The overall 

topology of a repetitive region with a tilt and twist angle between adjacent domains might 

feature a spring-like architecture with increased extension and rigidity, as in the “twisted 

rope” model387,397,398 (see Discussion in section 6.1.4.2).  

3.3.9.5 Linker between DRESS domains 

DRESS domains are connected via a short non-polar linker sequence, Pro1885-Ile1887 

(Figure 3.21). The potential for a stabilising effect from the linker is two-fold. Firstly, the 
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linker includes Pro1885, which shows more than 75% sequence conservation across the 18 

DRESS domains of SasC and lies two residues proximal of Ile1887 in 16 of 18 DRESS 

domains. Proline residues provide structural rigidity399 and this is likely to restrict the 

positional flexibility of adjacent DRESS domains. Secondly, the linker residues are non-polar 

and form stabilising van der Waals interactions with non-polar atoms in the loop between 

helices 1 and 2 and within helix 2. Both effects are likely to promote and stabilise the 

desired linker orientation and lock DRESS domains in an elongated head-to-tail 

arrangement. 

 

 

Figure 3.21: Details of the linker region of DRESS domains (Pro1885-Ile1887, backbone in purple 
and side chains in green) between D16 and D17. Non-polar atoms from Ile1831, Ala1837, Glu1841, 
Gln1842 in grey (from dark to light); they interact with linker residues. Image was created using 
CCP4mg. 

3.3.9.6 The hydrophobic core 

DRESS domains have two to three conserved hydrophobic residues per helix. Their 

placement along the helix ensures that the non-polar side chains point towards the core 

of the triple helical DRESS bundle, forming a network of van der Waals interactions. These 

conserved non-polar side chain residues pack along the length of the bundle (Figure 3.22).  

 

 

Figure 3.22: Details of the core DRESS domains containing van der Waals interactions 
between conserved residues. Image was created using CCP4mg. 

3.4 The interface between DRESS domains 

3.4.1 The size of the DRESS domain interface 

The area buried between DRESS domains (BSSA) is 503 Å2 per DRESS domain, or ~10% of 

the ASA of a DRESS domain (see section 2.8.6.1). Furthermore, the DRESS interface 

Ile1831 Ala1837

Glu1842Gln1841
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contains twelve hydrogen bonds (donor-acceptor distance 2.5-3.7 Å, Figure 3.23A,B) and 

three salt bridges (2.8-3.5 Å, Figure 3.23C). Typically, domain interfaces in multi-domain 

proteins have one hydrogen bond per 100 Å2, which extrapolates to a predicted number 

of 5 hydrogen bonds across the DRESS interface400. The BSSA for a selection of tandem 

repetitive domains (Table 3.5) is 450 Å2 on average or ~6% of the ASA. Thus, compared to 

a small selection of other tandem domains, DRESS domains seem to have a relatively large 

interface, bury a large proportion of their ASA and have a greater-than-average number of 

interfacial hydrogen bonds. 

57% of atoms containing the DRESS domain interface between D16 and D17 are polar in 

nature, in contrast to 33% in a selection of tandem repetitive domains (Table 3.5) and 38% 

in other multi-domain proteins400. The RSA of polar residues in tandem DRESS domains 

(D1617) is lower than that of the individual DRESS domains (D16 and D17), suggesting 

preferential burial of polar residues in the interface between two DRESS domains. 

Furthermore, the polar BSSA compared to the total or polar ASA of DRESS domains is larger 

than that of other tandem domains (Table 3.5). Thus, by all these measures, the polarity of 

the DRESS domain interface between D16 and D17 is higher than the average for selected 

tandem domain interfaces.  

Despite their polar nature, only one fully buried, structured water molecule is observed in 

the interface region between DRESS domains D16 and D17. This might be consistent with 

the interface between DRESS domains being formed by water depletion401 (Figure 3.23D). 
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Table 3.5: Properties of the interfaces of a selection of tandem domains.  Analysed with Naccess337. BSSA: buried surface area (Equation 2.17A). RSA: relative 
surface area (Equation 2.17B). ASA: solvent accessible surface area. 

PDB 
ID 

Name Residues  BSSA 
(Å2) 

ASA  
(Å2) 

% BSSA/ 
ASA  

RSAnon-polar/ 
RSAall  

RSA 
(polar) 

RSA (polar) % Polar 
BSSA 

% Polar BSSA/ 
total ASA 

% Polar BSSA/ 
polar ASA 

  per domain tandem tandem per domain per domain 

Tandem repetitive domains 

DRESS  
(this thesis) 

77 503 5168 10 1.17 29 
 

34 57 3.1 7.2 

1quu Spectrin 124 422 8269 5 1.17 30 
 

32 33 2.7 2.1 

3pgk Yeast 
phospho-
glycerate 

208 1222 11627 11 1.09 26 
 

29 32 1.9 4.7 

1fnf Fibronectin 
type 3 

93 312 5338 6 1.08 33 
 

36 18 0.55 1.2 

SHIRT (structure 
courtesy of Dr F. 
Whelan) 

83 85 5186 2 1.09 40 
 

41 43 0.36 0.8 

Tandem alternating domains  

2dgj GA 69  252 4408 6 1.19 30 
 

34 47 1.6 3.6 

FIVAR 53  3403 7   32  

4wve G5 83  353 6435 5 1.09 46 
 

46 40 1.5 3.7 

E 48  3730 9   49  
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A. B. 

  

C. D. 

 
 

Figure 3.23: Details of the polar DRESS domain interface. A, B. Hydrogen bonds in the 
DRESS domain interface. C. Salt bridges in the DRESS domain interface. D. Structured water 
molecule (blue large sphere) buried in the DRESS domain interface. Small blue sphere: 
exposed water molecule. Image was created using CCP4mg. 

3.4.2 In silico identification of key residues in the DRESS interface 

Two software tools were employed to identify key residues contributing to the stability of 

DRESS inter-domain interfaces, PISA338 and HotSprint340 (see section 2.8.6.2). PISA 

predicted Thr1838 to be the most stabilising residue, followed by Ile1887 and Arg1941. 

The hydroxyl group in the side chain of Thr1838 donates a hydrogen bond to the carbonyl 

oxygen in the side chain of Asn1943 (Figure 3.24A) and is 94% conserved. A hydrophobic 

residue is conserved at the position of Ile1887 in 55% of DRESS domains in SasC. Arg1941, 

whose side chain makes hydrogen bonds with the backbone of Ala1837, is not conserved.  

HotSprint determined that Val1946 (pair potential 21.37) was a hotspot residue and thus 

important for the stability of the interface. This valine is fully conserved across the DRESS 

domains of SasC and makes a Van der Waals interaction with the methyl group of Thr1838 

(Figure 3.24B-D). Thr1838 was not solvent-accessible upon formation of the interface 

(Figure 3.24E), but the pair potential was too low (9.78) to be designated as a hot spot 
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residue. This might be because Val1946 has more atoms in close contact with interface 

residues than Thr1838. 

A.  B. 

 
 

C. D. 

 
 

E.  

 

Figure 3.24: Stabilising interactions across the DRESS interface. A. The predicted most 
stabilising hydrogen bond between Thr1838 and Asn1943. Also shown is Val1946. B. Close-
up of hydrophobic hotspot interaction between Thr1838 and Val1946. For clarity, surface 
representation of Thr1849 is not shown. C. Hotspot Thr1838, surrounded by the hydrophilic, 
negatively charged ring of D16. D. Hydrophobic hotspot Val1946, surrounded by a 
hydrophilic, positively charged ring in D17. E. D1617 with electrostatic surface representation 
of residues near the inter-domain interface. Image was created using CCP4mg. 

3.4.3 Sequence conservation 

The conserved residues in the MSA of DRESS domains are mapped onto the crystal 

structure of D1617 (Figure 3.25A). All conserved polar residues are located at the DRESS 

domain interface. This leads to a conserved negatively charged C-terminus (Figure 3.25B) 

and a positively charged N-terminus (Figure 3.25C), which aligns with the dipole moments 

Thr1838

Asn1943

Val1946

Thr1849 

not shown
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of helices 1 and 3 and creates an attractive electrostatic interaction between DRESS 

domains. 

 

 

A.  

 

 
1/654-730             TLIRSVDAENAVNKKVDQMEDLVNQNDELTDEEKQAAIQVIEEHKNEIIGNIGDQTTDDGVTRIKDQGIQTLSGDTA 

2/731-807             TPVVKPNAKKAIRDKATKQREIINATPDATEDEIQDALNQLATDETDAIDNVTNATTNADVETAKNNGINTIGAVVP 

3/808-884             QVTHKKAARDAINQATATKRQQINSNREATQEEKNAALNELTQATNHALEQINQATTNANVDNAKGDGLNAINPIAP 

4/885-961             VTVVKQAARDAVSHDAQQHIAEINANPDATQEERQAAIDKVNAAVTAANTNILNANTNADVEQVKTNAIQGIQAITP 

5/962-1038            ATKVKTDAKNAIDKSAETQHNTIFNNNDATLEEQQAAQQLLDQAVATAKQNINAADTNQEVAQAKDQGTQNIVVIQP 

6/1039-1115           ATQVKTDTRNVVNDKAREAITNINATTGATREEKQEAINRVNTLKNRALTDIGVTSTTAMVNSIRDDAVNQIGAVQP 

7/1116-1192           HVTKKQTATGVLNDLATAKKQEINQNTNATTEEKQVALNQVDQELATAINNINQADTNAEVDQAQQLGTKAINAIQP 

8/1193-1269           NIVKKPAALAQINQHYNAKLAEINATPDATNDEKNAAINTLNQDRQQAIESIKQANTNAEVDQAATVAENNIDAVQV 

9/1270-1346           DVVKKQAARDKITAEVAKRIEAVKQTPNATDEEKQAAVNQINQLKDQAINQINQNQTNDQVDTTTNQAVNAIDNVEA 

10/1347-1423          EVVIKTKAIADIEKAVKEKQQQIDNSLDSTDNEKEVASQALAKEKEKALAAIDQAQTNSQVNQAATNGVSAIKIIQP 

11/1424-1500          ETKVKPAAREKINQKANELRAKINQDKEATAEERQVALDKINEFVNQAMTDITNNRTNQQVDDTTSQALDSIALVTP 

12/1501-1577          DHIVRAAARDAVKQQYEAKKREIEQAEHATDEEKQVALNQLANNEKRALQNIDQAIANNDVKRVETNGIATLKGVQP 

13/1578-1654          HIVIKPEAQQAIKASAENQVESIKDTPHATVDELDEANQLISDTLKQAQQEIENTNQDAAVTDVRNQTIKAIEQIKP 

14/1655-1731          KVRRKRAALDSIEENNKNQLDAIRNTLDTTQDERDVAIDTLNKIVNTIKNDIAQNKTNAEVDRTETDGNDNIKVILP 

15/1732-1808          KVQVKPAARQSVGVKAEAQNALIDQSDLSTEEERLAAKHLVEQALNQAIDQINHADKTAQVNQDSINAQNIISKIKP 

16/1809-1885          ATTVKATALQQIQNIATNKINLIKANNEATDEEQNIAIAQVEKELIKAKQQIASAVTNADVAYLLHDEKNEIREIEP 

17/1886-1962          VINRKASAREQLTTLFNDKKQAIEANIQATVEERNSILAQLQNIYDTAIGQIDQDRSNAQVDKTASLNLQTIHDLDV 

18/1963-2039          HPIKKPDAEKTINDDLARVTALVQNYRKVSNRNKADALKAITALKLQMDEELKTARTNADVDAVLKRFNVALSDIEA                              

                             :   :          :      :  :       :          :        *          :      

B. C. 

 

Figure 3.25: Features of the crystal structure of D1617. 
A. Sequence conservation displayed on the crystal structure and the MSA of DRESS 
domains in SasC. Sequence similarity was calculated using Clustal Omega259 for domains 
1-18. Residues with more than 50% sequence conservation are highlighted and residues 
with conserved properties are shown in bold. Colour legend: blue: positively charged; red: 
negatively charged; yellow: nucleophilic; purple: Asn, Asp; grey: hydrophobic. B. DRESS 
domain interface with a surface representation of D16 coloured by electrostatic potential; 
D17 shown as a yellow ribbon model. C. DRESS domain interface with a surface 
representation of D17 coloured by electrostatic potential; D16 shown as an orange ribbon 
model. Ribbon models and surface representations were created using CCP4mg. 

1/654-730         TLIRSVDAENAVNKKVDQMEDLVNQNDELTDEEKQAAIQVIEEHKNEIIGNIGDQTTDDGVTRIKDQGIQTLSGDTA
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14/1655-1731      KVRRKRAALDSIEENNKNQLDAIRNTLDTTQDERDVAIDTLNKIVNTIKNDIAQNKTNAEVDRTETDGNDNIKVILP
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3.4.4 Design of disruptive mutations in the interface between tandem 

DRESS domains 

Based on the in silico analyses described in section 3.4.2, the hydrogen bond pair Thr1838 

and Asn1943 was selected for mutation to Asp (see section 2.2.10). The Asn1943Asp 

mutation is predicted to still be capable of accepting a hydrogen bond from Thr1838, but 

the dipole moment of the hydrogen bonding will be larger. The more drastic Thr1838Asp 

mutation introduces a sterically larger side chain in the densely packed interface, removes 

the hydrogen bond donor and introduces a negative charge. D16717_T1838D, 

D1617_N1943D and D1617_T1838D,N1943D were expressed and purified as described in 

section 3.3.4. Their oligomeric state was determined by SEC-MALLS. D1617_T1838D and 

D1617_T1838D,N1943D were monomeric and D1617_N1943D was monomeric with 0.6% 

dimer (see section 3.3.5). Furthermore, SEC-MALLS analysis shows that D1617_T1838D 

and D1617_T1838D,N1943D have a larger Rh than D1617 or D1617_N1943D (Table 3.3), 

consistent with disruptions in the DRESS inter-domain interface, resulting in a less 

compactly folded tandem repeat. 

3.4.5 Effect of disrupting the interface on DRESS stability 

3.4.5.1 Temperature 

Previously, a large Tm difference was observed between single and tandem DRESS domains 

(Figure 3.14A), attributed to the formation of a stabilising interface. Here, the Tm values of 

constructs with the mutations described above were obtained by nano-DSF (Figure 3.26, 

for the method please refer to section 2.6.3). The Thr1838Asp mutation and the double 

mutation containing the Thr1838Asp mutation had a significant effect on the Tm; it clearly 

reduces the Tm of tandem domains to that of a single domain. The number of replicates in 

which this experiment was performed was insufficient for statistical analysis. 

     

Figure 3.26: Effect of disruption of DRESS interface on domain stability. Tm of proteins 
in duplicate at 1 mg/mL in 25 mM MES, 150 mM NaCl, pH 6.0. Error bars show the error 
of the mean. 
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3.4.5.2 Ionic strength 

The ionic strength affects the stability402 and solubility403 of proteins. Here, the effect of 

ionic strength on the stability of single and tandem DRESS domains and on tandem DRESS 

domains with disruptive mutations across the interface was tested using nano-DSF (see 

section 2.6.3; Figure 3.27).  

At lower ionic strength, the thermal stability of D17 decreased with increasing ionic 

strength; however, the stability was recovered at higher ionic strength (Figure 3.27A). On 

the contrary, the thermal stability of D1617 increased with increasing ionic strength (Figure 

3.27B). The conservative Asn1943Asp mutation follows the trend of D1617, while tandem 

DRESS domains with the disruptive Thr1838Asp mutation follow the trend of D17 (Figure 

3.27C). This suggests that the inter-domain interface is influential in these experiments. 

 

Figure 3.27: Effect of ionic strength on the thermal stability of single and tandem 
DRESS domains and DRESS domains with mutations across the interface. Dashed 
line is at 150 mM NaCl. Measurements were performed in duplicate at pH 6 on 1 mg/mL 
protein in 25 mM MES, error bars represent error of the mean. 

3.5 Conclusions for this chapter 

This chapter addresses the redefinition of the domain boundaries of DUF1542 domains, 

here renamed to DRESS domains, and their characterisation. In silico analyses allowed for 

a prediction of the correct domain boundaries by MSAs and secondary structure 

predictions. The determination of the crystal structure of tandem DRESS domains at 1.62 

Å resolution confirmed the new domain boundaries. Furthermore, the crystal structure 

revealed a highly connected domain interface between two DRESS domains, that was 

shown to significantly increase the thermal stability of DRESS domains by CD and nano-

DSF. 
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Although the in silico analyses are merely predictions regarding the accuracy of the domain 

boundaries, the crystal structure of DRESS domains provides definite proof of the 

redefined domain boundaries and the fold of DRESS domains. The resolution of the 

structure is sufficient to provide highly detailed information about, for example, the 

formation of the inter-domain interface. Furthermore, it informs that DRESS domains are 

structural repeats with a low Cα RMSD despite of their low sequence identity. This part of 

this chapter is ready for publication and especially the structure of DRESS domains can 

provide a helpful resource to others researching surface proteins of S. aureus or α-helical 

repetitive domains. 

Thermal stability assays of single and tandem DRESS domains strongly suggest a stabilising 

effect from the highly connected interface on adjacent DRESS domains. This is probed by 

mutational studies, which showed that a T1838D mutation decreased the Tm of tandem 

DRESS domains to approximately that of a single DRESS domain; implying that the 

formation of the connective interface might be responsible for the higher thermal stability 

of tandem DRESS domains. Further experimental replicates of the thermal stability 

experiments are required to allow statistical analysis; furthermore, it is unclear what 

specific interactions might be formed by the introduction of a T1838D mutation within a 

highly polar interface. Therefore, this part of this chapter requires further work in the form 

of more thermal stability experiments and perhaps additional mutational studies; please 

refer to section 6.4.1. The effect of ionic strength on single and tandem DRESS domains is 

not fundamentally understood and is therefore not to be included in a publication. Finally, 

the hypothesis that DRESS domains are organised in a “twisted role” model is not tested 

and requires further investigation, preferably with the physiological repetitive region of 

SasC. 
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Chapter 4. Biophysical characterisation of 

the DRESS region 

4.1 Introduction 

S. aureus employs various CWA proteins to adhere to other bacteria, host cells or the 

surfaces of in-dwelling medical devices30, in addition to the use of other factors such as 

extracellular DNA160 and the secretion of a PNAG matrix153. Many of these CWA proteins 

contain a potentially rod-like repetitive region, which projects the putatively functional N-

terminal domain(s) away from the cell wall29,30.  

For example, the repetitive region of SasG is highly extended through cooperative 

interactions across domain interfaces57 and is predicted to have a length of  88 nm. An 

example of a CWA protein with an α-helical rod-like region is Ebh, whose repetitive region 

contains 52 repeats of FIVAR-GA modules58. Two of these repeats formed a rod-like 

structure with some flexibility and the length of the full repetitive region in extended state 

is estimated to be 320 nm, however full extension is unlikely due to the observed 

flexibility58. 

The N-terminal domain of SasC is involved in cell-cell interactions and contributes to 

biofilm accumulation111, highlighting the need to understand the structure and function of 

SasC. So far, no function has been proposed for the repetitive region containing DRESS 

(new domain boundaries) or DUF1542 (old domain boundaries) domains. This chapter 

describes the biophysical characterisation of the putative rod-like DRESS region in SasC.  

4.2 Aims 

This chapter aims to characterise the biophysical properties of repetitive structural 

domains from the DRESS region of SasC. This information contributes to understanding the 

role of the DRESS region and may link structure to function. To fulfil these goals, the 

following aims were set: 

• To produce and purify repetitive structural domains from the DRESS region in SasC; 

• To determine the size and shape of recombinant repetitive structural domains from 

the DRESS region; 
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• To assess the rigidity of recombinant repetitive structural domains from the DRESS 

region; 

• To infer the end-to-end distance of the entire DRESS region; 

• To determine the force required to mechanically unfold individual DRESS domains 

and assess their refolding ability. 

4.3 Results 

4.3.1 In silico analysis of protein sequences containing tandem DRESS 

domains 

A single DRESS domain is only transiently folded at 20 °C, while DRESS domains in tandem 

are stably folded at the physiological temperature of 37 °C (see section 3.3.7). This implies 

that, to form a rigid, rod-like structure, DRESS domains need to be organised in tandem. 

Here, in silico analysis is performed on protein sequences containing DUF1542 domains in 

the InterPro protein sequence database404. 

77% of all DRESS domain-containing protein sequences have a tandem domain 

organisation for DRESS domains (data not shown). Of proteins with an N-terminal 

YSIRK/GXXS signal peptide, SasC/Mrp/FmtB A region and C-terminal LPXTG wall 

attachment site, 100% of DRESS domains are found in tandem (Figure 4.1). These results 

suggest that DRESS domains in SasC/Mrp/FmtB might form a highly elongated, rod-like 

region to project the functional A region away from the cell wall. 
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A. B. C. D. 

 

Figure 4.1: Number of DRESS domains in protein architectures in Uniprot containing 
the SasC/FmtB/Mrp A region. A. Schematic of domain architectures. B. Number of 
DRESS domains. C. Number of protein sequences in Uniprot per protein architecture. D. 
Number of residues per protein architecture. 

4.3.2 Over-production and purification of recombinant repetitive 

structural domains from the DRESS region of SasC 

Proteins with multiple DRESS domains from the repetitive region of SasC were expressed, 

over-produced and purified for biophysical characterisation of their size, shape, length and 

mechanical properties (Figure 4.2).  

 

Figure 4.2: Schematic of SasC with regions indicated with residue numbers.  D0310 is fused to a 
Strep tag251 and two C-terminal cysteine residues. D0118_2Cys contains two cysteine residues for the 
covalent incorporation of A488 fluorophores using maleimide-based chemical modification (stars). 
Techniques: A: AFM; CD: circular dichroism; DSF: nano-DSF; SH: SHRImP-TIRFm; SM: SEC-MALLS; 
SX: SEC-SAXS. 
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4.3.2.1 D1417, D0710 

Two four-domain DRESS protein constructs, D1417 and D0710, were produced with the 

purpose of determining their oligomeric state and studying their size and shape by SAXS. 

D0710 originates from the middle of the DRESS region and D1417 is located at the C-

terminus of the DRESS region. These regions were selected for over-production and 

purification because of high sequence conservation in SasC between different S. aureus 

strains containing 18 DRESS domains (data not shown). In the same manner as described 

in Chapter 3, D0710 and D1417 were expressed in the pETFPP1 vector featuring an N-

terminal His6-tag, followed by a HRV 3C protease cleavage site.  

Briefly, the recombinant proteins were over-produced in BL21-Gold (DE3) cells, cells were 

lysed and the soluble material was separated from the insoluble material by centrifugation 

and His6-tagged proteins were purified by IMAC. The His6-3C tag was removed by 

proteolytic cleavage, then the target proteins were separated from the His6-tagged 

protease and purification tag by a second round of IMAC and finally purified by SEC (Figure 

4.3). The yield of D1417 was lower than of D0710 and, in addition, D1417 eluted from the 

SEC column in two peaks of similar signal intensity, suggesting oligomerisation (Figure 

4.3A). Therefore, fractions 16-19 and 20-22 were concentrated separately and the 

oligomerisation state was studied by SEC-MALLS (see sections 2.6.1, 4.3.3). The protein 

concentration of D0710 was underestimated due to a low ε (see Table 4.1), resulting in 

overloading of the SEC column (Figure 4.3C). Here, likely aggregated species eluted around 

fraction 32 and a single resolved peak with a shoulder eluted at fractions 50-70 (Figure 

4.3D), of which fractions 49-57 were concentrated. 
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Figure 4.3: SEC purification of D1417 and D0710 analysed on 15% (w/v) polyacrylamide 
gels. A. SEC chromatogram of D1417 on a Superdex 75 16/600 column as measured by A280. 
B. SDS PAGE analysis of SEC purification of D1417 (theoretical MW of 34.8 kDa, green 
arrow). Fractions correspond to A. C. SEC chromatogram of D0710 on Superdex 200 26/600 
column as measured by A280. D. SDS PAGE analysis of SEC purification of D0710 (theoretical 
MW of 33.7 kDa, green arrow). Fractions correspond to C. Brightness of left gel was adjusted 
post-acquisition by +20% and right gel by +40%. Raw gel images are available in Appendix 
7.3.

4.3.1.1 D0118

The full physiological length of the repetitive region of SasC was produced with the aim of 

determining the oligomeric state and to study its size and shape by SAXS (for more detail, 

please refer to section 2.9). This protein construct, comprising eighteen DRESS domains, 
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has 1383 residues and a theoretical MW of 153.5 kDa. This MW is at the upper size limit 

for recombinant expression and protein production in E. coli, which is estimated to be 150 

kDa405,406. A non-cleavable C-terminal His10-tag was selected to allow purification of intact 

material. This tag was available in a pBADcLIC2005 vector, giving tight control over 

recombinant gene expression and protein over-production (see section 2.1.3). 

Briefly, BL21-Gold (DE3) cells were grown at 37 °C (120 rpm) until an OD600 of 0.7 was 

achieved, after which recombinant gene expression and protein over-production was 

initiated by the addition of 0.1% (w/v) L-arabinose, followed by incubation at 37 °C (180 

rpm). This concentration was found to be ideal during optimisation of the protein 

production conditions (Figure 4.4A). Cells were lysed and D0118 was purified from the 

soluble material by IMAC using an increasing gradient of buffer B (see Table 2.4) containing 

an imidazole concentration ranging from 20 mM (0%) to 500 mM (100%; Figure 4.4B,C). 

D0118 was further purified by SEC (Figure 4.4D,E) and fractions 28-43 were concentrated 

by spin filtration (MWCO 10 kDa) in portions 17-21 and 22-35. The A280 trace from the SEC 

chromatogram (Figure 4.4D) suggested a poor recombinant protein yield and some 

impurities in the fractions, for which the concentration was too low to be observed by SDS 

PAGE analysis (Figure 4.4E). 
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A. B. 
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Figure 4.4: Purification of D0118 on 8% (w/v) polyacrylamide gels with Precision Plus 
Protein marker (Bio-Rad, A) and PageRuler marker (ThermoScientific, C, E). Raw gel 
images are available in Appendix 7.3. A. SDS PAGE analysis of the optimisation of the 
concentration of L-arabinose used for induction of recombinant protein over-production. 
Soluble fractions are shown for protein production at 20 °C at 0 and 22 hours post-induction 
(green arrow, band likely corresponding to D0118 with a theoretical MW of 153.6 kDa). B. 
IMAC chromatogram as monitored by A280 (blue). 4 mL fractions were collected during 
protein elution (numbers). C. SDS PAGE analysis of IMAC purification of D0118. L: total 
lysate, S: soluble material, P: insoluble material, F: flow-through. Fractions correspond to 
B. Brightness adjusted by +40% and contrast by +20% of both gels post-acquisition. D. 
SEC chromatogram of D0118 on Superdex 200 26-600 (GE Healthcare Life Sciences) as 
measured by A280. E. SDS PAGE analysis of SEC purification of D0118 of elutions shown 
in D. Contrast of all gels was adjusted by +20%; brightness of left and right gels was 
adjusted by +20% and of middle gel by +40% post-acquisition. Raw images available in 
Appendix 7.3. 

4.3.2.3 D0118_2Cys, D0118_2A488 

The end-to-end distance of a recombinant protein construct containing eighteen DRESS 

domains was studied by incorporating a fluorophore at both ends of the rod. The A488 

fluorophores are linked to a maleimide functional group, which can be specifically coupled 

to the thiol group of a cysteine residue. Equivalent positions T731 and H1963 in the coil 

regions between domains 1-2 and 17-18 (Figure 4.2A) were selected for mutation to 

cysteine residues and fluorophore labelling, based on the following criteria: 

• Minimal steric disruption: for this reason, residues with low sequence conservation 

and predicted to be solvent-accessible based on the crystal structure of D1617 (see 

section 3.4.3) were selected.  

• Minimal terminal flexibility: residues between DRESS domains were selected, 

rather than the N- and C-termini of the protein. This lowered the inter-fluorophore 

distance, but also decreased the possibility of flexibility at the termini of the rods, 

which could complicate data analysis. 

• Fluorophores need to be spatially separated from residues known to be able to 

quench fluorescence. Tryptophan and tyrosine are strong quenchers and histidine 

and methionine are weak quenchers407. 

Briefly, T731C and H1963C mutations were incorporated into the D0118 DNA sequence in 

the pBADcLIC2005 expression vector by site-directed mutagenesis (see section 2.2.10 and 

Appendix 7.1, Table 7.2), creating the gene encoding D0118_2Cys. The resulting vector was 

transformed into BL21-Gold (DE3) cells for recombinant protein over-production. Cells 

were grown in LB at 37 °C (120 rpm) to an OD600 of 0.6, followed by induction of 

recombinant gene expression and protein over-production by the addition of 0.1% (w/v) 

L-arabinose and incubation at 20 °C for 22 hours (180 rpm). D0118_2Cys was purified in 
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the same way as D0118 using IMAC in an increasing gradient of imidazole concentration 

ranging from 20 mM (0%) to 500 mM (100%). Fractions 25-35 were concentrated by spin 

filtration (MWCO 50 kDa) and purified by SEC on a Superdex 200 26/600 column (GE 

Healthcare Life Sciences) in buffers supplemented with 5 mM β-mercaptoethanol (see 

section 2.3.7, Figure 4.5A-D). The A280 trace from the SEC chromatogram suggested a poor 

recombinant protein yield of D0118_2Cys and the presence of many impurities, most at a 

concentration that was too low to be visualised by SDS PAGE analysis.  
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Figure 4.5: Purification of D0118_2Cys. SDS PAGE analyses on 8% (w/v) 
polyacrylamide gels. Raw gel images are available in Appendix 7.3. A. IMAC 
chromatogram as monitored by A280 (blue). 4 mL fractions were collected during protein 
elution. B. SEC chromatogram of D0118_2Cys as measured by A280. C. SDS PAGE 
analysis of the IMAC purification of D0118_2Cys (black arrow, a theoretical MW of 153.5 
kDa). L: total lysate, S: soluble material, P: insoluble material, F: flow-through. Fraction 
numbers correspond to A. Brightness of right gel was adjusted by +40% post-acquisition. 
D. SDS PAGE analysis of SEC purification of D0118_2Cys. Fraction numbers correspond 
to B. Brightness of right gel was adjusted by +20% post-acquisition. 

Fractions 12-13 from SEC were concentrated by spin filtration (MWCO 50 kDa) and β-

mercaptoethanol was removed by dialysis, directly followed by a stepwise labelling 

reaction with 25 molar excess (final amount) of A488-maleimide relative to the cysteine 

residues (see section 2.3.7.2, Figure 4.6A-B). After a dialysis step, D0118_2A488 was 

purified by SEC to remove aggregates, unlabelled protein and unreacted fluorophore 



161

(Figure 4.6C-D), fractions 7-8 were concentrated by spin filtration (MWCO 10 kDa) and the 

labelling efficiency E (%) was calculated (Equation 4.1). A high labelling efficiency is 

preferred (where 100% labelling indicates that both cysteine residues are labelled), as only 

proteins with two fluorophores can be used to determine the end-to-end distance. A high 

proportion of proteins with a single fluorophore may introduce anomalous measurements 

in the end-to-end distance histograms if two surface-immobilised proteins with a single 

fluorophore are spatially close in the SHRImP-TIRFm experiments.
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Figure 4.6: Labelling of D0118_2Cys and purification of D0118_2A488. A. Molecular 
structure of A488-C5-maleimide408. B. Schematic of the labelling reaction409; for clarity only one 
fluorophore shown. C. Purification of D0118_2A488 from excess fluorophore by SEC on a 
Superdex 200 column as monitored by A280 (protein, blue) and A496 (A488, green). D. SDS PAGE 
analysis on 8% (w/v) polyacrylamide gel of the purification of D0118_2A488 by SEC (green 
arrow, theoretical MW of 155.0 Da).

Equation 4.1: Labelling efficiency, adapted from the Beer-Lambert law (see section 2.4.2).

A.

 =
280 ‒ 0.11 ∗ 493



B.

488 =
493

ℎ

C.

 =
488

2
∗ 100
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where εprotein is the extinction coefficient of the protein with free cysteines (8940 M-1 cm-1) 

and εfluorophore the extinction coefficient of the fluorophore A488 (72000 M-1 cm-1). The 

labelling efficiency of D0118_2Cys with two A488 fluorophores was 51%. Typically, a yield 

of 70-90% is obtained410. Nevertheless, this yield might suggest that one of the labelling 

sites was sterically unavailable or that only one cysteine was present in the protein. The 

latter hypothesis was tested by in-gel trypsin digestion of D0118_2Cys and identification 

of the resulting peptides, mapped on the sequence of D0118_2Cys. 79% sequence 

coverage of D0118_2Cys was obtained, clearly showing the incorporation of both cysteine 

residues in the protein (data not shown). This strategy was preferred over MS of the intact 

protein, because the MW of D0118_2Cys is close to the mass limit for successful ESI MS 

and the mass difference of 2 Da for a Thr730Cys mutation might be close to the 

experimental error of ESI MS. These MS results indicate that the poor labelling yield was 

not caused by the absence of a cysteine residue.  

4.3.2.4 D0310_scc 

An eight-domain DRESS protein was produced containing DRESS domains 3 to 10 with the 

purpose of studying the mechanical unfolding behaviour by AFM. This region was selected 

for over-production and purification, because the sequence conservation of these DRESS 

domains in SasC is relatively high, when compared to other strains of S. aureus (data not 

shown). The pETFPP1-modified pET-YSBLIC vector as reported in Gruszka et al. (2015)57 

was selected for recombinant gene expression and protein production, with an N-terminal 

His6-tag cleavable by HRV 3C protease, a C-terminal non-cleavable Strep tag251 and two C-

terminal cysteine residues for covalent immobilisation on a gold-coated glass square411.  

Over-production and purification of D0310_scc was performed in the same manner as 

D0710 and D1417 using buffers supplemented with 5 mM β-mercaptoethanol (see section 

4.3.2.1). Briefly, D0310_scc was over-produced in BL21-Gold (DE3) cells, cells were lysed 

and the soluble material was separated from the insoluble material by centrifugation. His6-

tagged D0310_scc was purified by IMAC using an increasing gradient of imidazole 

concentrations ranging from 20 mM (0%) to 500 mM (100%, Figure 4.7A,B). Fractions 12-

15 were pooled and the His6-3C tag was removed by proteolytic cleavage with HRV 3C 

protease in a mass ratio of protease to target protein of 1:150 (see section 2.3.5), followed 

by removal of the protease and purification tag by a second round of IMAC. This resulted 

in approximately 90% purity for the recombinant protein (Figure 4.7C, lane -). In hindsight, 
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this purification step was redundant, as Strep affinity chromatography would also have 

efficiently removed the His6-3C tag and His6-tagged HRV 3C protease. D0310_scc was 

further purified by loading on a StrepTrap column in Strep binding buffer (Table 2.4) and 

competitively eluted by gravity flow with Strep elution buffer (Table 2.4) containing 2.5 

mM desthiobiotin, resulting in >95% purity of the eluted recombinant protein (Figure 4.7C, 

lane 3-4).
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Figure 4.7: Purification of D0310_scc. SDS PAGE analyses run on 10% (w/v) 
polyacrylamide gels. A. IMAC chromatogram as monitored by A280 (blue) of His6-3C-
D0310_scc. 4 mL fractions were collected during protein elution (numbers shown in black). 
B. SDS PAGE analysis of IMAC purification of His6-3C-D0310_scc (black arrow, theoretical 
MW of 69.9 kDa) with L: lysis, S: soluble material, P: insoluble material, F: flow-through. 
Numbers: fractions. Brightness of right gel was adjusted by 20% post-acquisition. C. SDS 
PAGE analysis of Strep-tag purification. -: D0310_scc (a theoretical MW of 68.1 kDa, green 
arrow) before StrepTrap chromatography. F: flow-through. Numbers: fractions, 1 mL. 
Brightness was adjusted by +20% post-acquisition, raw images are available in Appendix 
7.3.

The purity of recombinant proteins produced in chapter 5 is shown by SDS PAGE analysis 

in Figure 4.8 and the yields of all proteins are reported in Table 4.1.
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Figure 4.8: SDS PAGE analysis of purified recombinant proteins in this chapter on 10% and 8% 
(D0118) (w/v) polyacrylamide gels. D1417 purified into an oligomeric (O) and monomeric (M) fraction by 
SEC. The left lanes of D0118_2A488 were illuminated by UV-radiation, showing the fluorescence of A488 
fluorophores, where + and – indicates reducing and non-reducing conditions, respectively. The brightness 
of the gels of D0310_scc and D0118_2A488 was adjusted by +20% post-acquisition and the brightness 
and contrast of the gel of D0118 was adjusted by +20% post-acquisition. Raw images of gels are available 
in Appendix 7.3.

Table 4.1: Final yields of recombinant proteins used in this chapter. *: low accuracy of mass 
determination due to low extinction coefficient. The yield is displayed in mg purified target protein per litre 
medium. Media are abbreviated as follows: A, auto-induction media; L, LB. pI and ε were determined by 
ExPASy ProtParam253.

Protein Yield (mg 
L-1)

Media Last purification 
step

pI ε (M-1 cm-1)

D0710 66.1* A SEC 4.76 1490

D1417 8.3 A SEC 5.15 2980

D0310_scc 24.5 A StrepTrap 5.05 6690

D0118 0.6 L SEC 5.06 8940

D0118_2A488 ~0.02 L SEC 5.05 8940 (A280)
72000 (per fluorophore, 
A496)

4.3.2 Determination of the oligomeric state of DRESS domain-containing 
constructs

D1417 eluted from a SEC column in two peaks with approximately a 1:1 ratio (Figure 4.3A). 

Therefore, the oligomeric state of proteins containing multiple DRESS domains was 

investigated by SEC-MALLS (Figure 4.9). DRESS domains were eluted over a suitable SEC 

column and the elution was monitored by detectors for static light scattering, QELS, UV 

absorbance and refractive index (see section 2.6.1.2). The MW was calculated from the 

static light scattering and the Rh was estimated from QELS (Table 4.2; see section 2.6.1.1).
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A.  B 

  
C. D. 

  
E. F. 

  

Figure 4.9: SEC-MALLS analysis of DRESS proteins on a Superdex 200 column, except 
for D0118. Elution profile in normalised DRI units are shown in black and the molar mass 
estimate (g/mol) in green. The theoretical MWs are listed in Table 4.2. Buffer conditions were 
20 mM Tris, 150 mM NaCl, pH 7.5 unless otherwise stated. A. D1417M at 1.1 mg/mL, B. 
D1417O at 2.3 mg/mL, C. D0710 at 7.1 mg/mL, D. D0310_scc at 6.6 mg/mL in 25 mM MES, 
150 mM NaCl, 1 mM TCEP, pH 6.0. E. D0118 at 0.92 mg/mL in 20 mM Tris, 150 mM NaCl, 
1 mM EDTA, pH 7.5 on a Superose 6 column. F. SDS PAGE analysis of D0310_scc 
(theoretical MW of 68.1 kDa, green arrow) and putative D0310_scc dimer (theoretical MW of 
136.2 kDa, black arrow) in reducing (+) and non-reducing (-) conditions on SDS PAGE gel 
(10% (w/v) polyacrylamide). Brightness and contrast were adjusted by +20% post-
acquisition; for raw gel image, see Appendix 7.3.  
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Table 4.2: Molar masses and Rh of DRESS domain-containing proteins by MS and SEC-MALLS. 
aExperimental error was 1.5 Da as determined by calibration with an external standard, myoglobin. b79% 
sequence coverage was obtained by in-gel trypsin digestion. 

Protein MW (Da) Rh  
(nm) 

 Theoretical MS____  SEC-MALLS  

D0710 33722.2 33722.3 32070 ± 64 4.2 ± 1.8 

D1417 34785.8 a34787.3 Monomer 33580 ± 34 4.1 ± 1.7 

Dimer 67130 ± 67 5.8 ± 0.4 

D0310_scc 68076.2 68077.1 (24%),  
68238.6 (65%), 68400.3 

(11%) 

Monomer 65800 ± 66 5.7 ± 0.1 

Dimer 149500 ± 
2990 

7.3 ± 2.7 

D0118 153572.6 N.D. Monomer 143500 ± 144 10.0 ± 
0.03 

   Oligomer 386900 ± 
3482 

56.8 ± 5.1 

D0118_2Cys 153540.6 bN.D. N.D. N.D. 

The four-domain DRESS protein D1417 from the C-terminal end of the repetitive region in 

SasC forms non-exchanging monomeric and dimeric states in solution (Figure 4.9A, B), as 

shown by the calculation of the MW (Table 4.2). In contrast, the four-domain DRESS 

protein D0710 from the middle of the SasC repetitive region was monomeric (Figure 4.9C) 

up to 70 mg/mL (data not shown). Furthermore, D0310_scc from the N-terminal region of 

SasC was mostly monomeric, with a low percentage of dimer present. Here, dimer 

formation is likely attributed to disulfide formation between C-terminal cysteine residues, 

which is confirmed by the observation of a minor additional band by SDS PAGE analysis in 

non-reducing conditions (Figure 4.9F). 

To investigate the significance of these results for the intact protein, the oligomeric state 

of D0118 was determined, which is the full physiological length of the repetitive region in 

SasC containing eighteen domains. The calculated MW of D0118 is 6.6% smaller than the 

MW expected for a monomer of D0118, indicating that D0118 is a monomer in solution. 

Two higher MW species were observed, of which the first species was aggregated protein 

eluting in the void volume. The second higher MW species represents 5.9% of the total DRI 

signal and has a calculated MW of around 2.8 times that of D0118, a Rh five times that of 

D0118 and a globular shape as determined by SEC-SAXS (see section 4.3.6.4). Hence, it is 
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hypothesised that this species represents a collapsed, unfolded polymer chain of multiple 

D0118 molecules. Thus, the dimerisation observed for D1417 is likely non-physiological. 

4.3.4 Determining the MW of DRESS domain-containing constructs by 

ESI MS 

The MWs of proteins in this chapter were verified by ESI MS and compared to those 

expected and observed from SEC-MALLS (Table 4.2). The MWs of D1417 and D0710 were 

confirmed within the experimental error, compared to the theoretical MW. Masses of 

D0118 and D0118_2Cys could not be determined by ESI MS due to limiting sample 

amounts; a trypsin digest of D0118_2Cys confirmed the correct sequence with 79% 

coverage (see section 4.3.2.3). ESI MS of D0310_scc showed three peaks, of which 24% 

contained the correct MW species, in addition to two species which were +162.13 Da (65%) 

and 2x +162.13 Da (11%) heavier than the target protein. The size of the mass additions 

would be consistent with glycosylation and this protein differs from other recombinant 

protein constructs in that it contains two C-terminal cysteine residues, which might be 

involved in the formation of the mass adducts. Both hypotheses were tested 

experimentally (Bioscience Technology Facility, University of York). 

The observed masses did not change upon reduction of the protein. Terminal sequencing 

by matrix-assisted laser desorption/ionisation with in-source delay (MALDI-ISD)412 did not 

obtain results for the C-terminus of the protein, but the N-terminus was reconstructed 

correctly. Deglycosylation treatment with 25% (v/v) ammonium hydroxide for 16 hours at 

45 °C413 changed the +162.13 Da adduct back to the MW of an unmodified protein, but had 

no effect on the 2x +162.13 Da adduct. Finally, cysteine alkylation by iodoacetamide414 was 

possible two times on the unmodified species, one time on the +162.13 Da adduct, and 

was not possible on the 2x +162.13 Da adduct. Thus, attempts to identify or localise the 

mass additions were inconclusive (Bioscience Technology Facility, University of York, see 

section 6.1.2). 

4.3.5 Thermal stability of regions from DRESS region 

A large difference in thermal stability was observed between single and tandem DRESS 

domains (see section 3.3.7), suggesting that the DRESS domain interface contributes 

strongly to the stability of individual DRESS domains. Therefore, the thermal stability is 
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hypothesised to increase with the number of DRESS domains. Here, the thermal stability 

of recombinant proteins containing multiple DRESS domains is assessed by a combination 

of CD and nano-DSF (Figure 4.10A,B; see sections 2.6.2 and 2.6.3) and reported in Table 

4.3. 

A mix of dimeric and monomeric D1417 had a double unfolding transition by CD with an 

equal ratio between the transitions and a single unfolding transition by nano-DSF. The 

higher Tm is very similar to the Tm of D1617. D0710 had a single transition in both 

techniques and 9.4 °C difference between Tm values. D0310_scc and D0118_2Cys were not 

measured by CD and their thermal stability did not increase further. The trace of D0118 

shows multiple transitions, which need to be investigated further to determine if D0118 

unfolds all-in-one or not. No aggregation was observed during thermal denaturation of 

recombinant proteins containing multiple DRESS domains (Figure 4.10C). 

Table 4.3: Tm of proteins containing multiple DRESS domains  by nano-DSF and CD. 

Protein Tm (°C) by nano-DSF Tm (°C) by CD 

D17 27.0 30 

D1617 48.5 52 

D0710 62.6 72 

D1417 O 50.1 O,M 46, 60 

M 50.1 

D0310_scc 62.5 N.D. 

D0118_2Cys 61.9 N.D. 
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A. B. 

 

C.  

 

 

Figure 4.10: Assessing Tm and aggregation of proteins containing multiple DRESS domains by 
CD, nano-DSF and static light scattering. A. Thermal denaturation by CD measured at 222 nm, 
converted to percent unfolded (see Equation 2.8). D17 at 22 μM and D1617 at 11 μM in 20 mM sodium 
phosphate, pH 5.5 (data reproduced from Figure 3.15). D0710 at 5.9 μM in 20 mM sodium phosphate, 
pH 4.9. D1417M,O at 5.7 μM in 20 mM potassium phosphate, pH 4.6. B. Thermal denaturation by nano-
DSF. Proteins were measured at 1 mg/mL in 20 mM Tris, 150 mM NaCl, pH 7.5; except D0118_2Cys 
in 20 mM Tris, 150 mM NaCl, 1 mM EDTA, 5 mM β-mercaptoethanol, pH 7.0 and D0310_scc, in 20 mM 
Tris, 150 mM NaCl, 1 mM TCEP, pH 7.5. All nano-DSF experiments were performed in duplicate. C. 
Static light scattering signal with conditions as in B. A positive aggregation control is shown for clarity 
(D1617 in 25 mM MES, 2 M NaCl, pH 6.0). 

4.3.6 Elongation of DRESS domains in solution 

4.3.6.1 Log-Log plot 

Repetitive regions in several CWA proteins, such as SasG57,59 and Ebh58 have an elongated 

nature with the apparent functional role of projecting an N-terminal domain away from 

the bacterial cell surface29. Previously, tandem DRESS domains were found to have an 

elongated shape and a head-to-tail domain organisation (see section 3.3.9.2). Here, the 
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hypothesis that proteins containing four or more DRESS domains also have an elongated 

head-to-tail arrangement is investigated.  

Smilgies and Folta-Stogniew (2015)415 reported a double logarithmic correlation between 

MW and Rg, which can be used as a tool to assess a deviation from a globular shape. 

Typically, elongated proteins have a larger Rg with respect to their MW, resulting in a 

deviation from predicted globular behaviour in a double logarithmic plot. Here, this 

correlation is used to determine if proteins containing multiple DRESS domains are 

elongated in solution. 

Using SEC-MALLS, the MW was calculated by static light scattering and Rh was calculated 

by QELS (see sections 2.6.1 and 4.3.3). Rg was calculated from Rh using Equation 4.2, 

assuming a globular shape. The resulting Rg was plotted as a function of MW on a double 

logarithmic plot and the trend, as reported for a range of globular proteins, is shown 

(Figure 4.11). Furthermore, the Rg value obtained by SAXS (see sections 4.3.6.2 and 4.3.6.4) 

was plotted as a function of MW. Proteins containing DRESS domains do not correlate with 

the trend for globular proteins. Instead, their Rg is larger, suggesting they have an 

elongated shape. This is less apparent for a single DRESS domain, where Rh could only be 

determined with low accuracy because the domain is likely only transiently folded (see 

section 3.3.6), and most apparent for the protein construct with eighteen DRESS domains, 

which is expected to display the highest anisotropy. 

Equation 4.2: Rg from Rh for spherical objects415. 

 𝑅𝑔 = 𝑅ℎ√
3

5
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Figure 4.11: Log-Log correlation between Rg and MW415. Data is shown for monomeric proteins only. 
Green: globular trend415. DRESS proteins (QELS) contained (from left to right) 1, 2, 4, 4, 8 and 18 domains. 
DRESS proteins (SAXS) contained (from left to right) 4 (D0710) and 18 domains (see sections 4.3.6.2 and 
4.3.6.4). SHIRT proteins (QELS) contained (from left to right) 1, 2, 2, 7 domains; data courtesy of Dr J. 
Gilburt. SasG proteins contained 2-7 E-G5 domains; data adapted from Gruszka et al. (2015)57 with Rg 
determined by SAXS (dark blue) and calculated from Rh by QELS (light blue). BSA monomer is shown as 
external control.  

Compared to other elongated rod-like proteins, proteins containing DRESS domains show 

a similar trend in the double logarithmic plot distinctly different from that of globular 

proteins, such as BSA416. Furthermore, the comparison of SasG and DRESS data with Rg 

obtained via SAXS and QELS validates the use of Equation 4.2. Although this equation was 

derived for spherical objects, it still yields a trend distinct from that for globular proteins. 

In summary, the double logarithmic plot of Rg as a function of MW is consistent with 

recombinant proteins constructs containing multiple DRESS domains behaving as 

elongated proteins, like other repetitive multi-domain proteins known to form elongated, 

rod-like structures.  

4.3.6.2 SAXS on D0710 

The double logarithmic correlation between MW and Rg in section 4.3.6.1 provided some 

insight into the shape of DRESS domain-containing constructs in solution. Here, the size 

and shape of D0710 is studied in more detail by SEC-SAXS (Figure 4.12A; for more 

information regarding the technique please refer to section 2.9).  

The shape of the logarithmic scattering plot (Figure 4.12B) is suggestive of an elongated 

shape in solution344, however the lack of distinct features in the scattering plot might also 

be interpreted as disorder or flexibility. The possibility of disorder is assessed in the Kratky 

plot (see later) and flexibility is assessed with the Porod plot and EOM modelling (see later).  

From the Guinier approximation (Figure 4.12C), the Rg was calculated as 4.61 ± 0.06 nm. 

This Rg
 agrees well with the value determined from static light scattering (Figure 4.12A), 
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which was 4.52 ± 0.08 nm. From Rg (SAXS) and Rh (QELS), the shape factor 
𝑅𝑔

𝑅ℎ
 can be 

determined. Globular proteins have a shape factor of 0.70417 and this value is ≥1 for 

elongated proteins. The shape factor of D0710 is 1.1, which indicates that D0710 is 

elongated in solution. Furthermore, the linearity of the Guinier plot indicates that D0710 

is not aggregated.  

The Rg of the cross-section as determined from the modified Guinier approximation for 

rod-like particles is 0.651 ± 0.005 nm (Figure 4.12D). This can be converted into the 

diameter of the rod as follows (Equation 4.360), yielding an estimated diameter of 1.84 ± 

0.01 nm. From the crystal structure of D1617, the diameter of a DRESS domain was 

estimated to be 2.0 nm. These values are in reasonable agreement, considering they were 

determined for protein structures in solution and in a crystalline state, respectively.  

Equation 4.3: Diameter of a rod from Rc,g
60. 

𝑑 = 2𝑅 = 2 𝑅𝑐,𝑔√2 

The Porod exponent, calculated from the negative slope of the mid-q scattering region of 

the Porod plot, informs about the shape of the particle in solution347–349. Here, a Porod 

exponent of 1.074 was calculated (Figure 4.12E), which is indicative of a rigid rod. 

Furthermore, the relative conformational flexibility of the particles in solution is assessed 

from the Kratky plot (Figure 4.12F). The curve displays a typical bell-shape, with a small tail 

towards high values of q, where the data is less accurate due to a lower signal-to-noise 

level. This suggests that D0710 is well folded in solution and exhibits some limited 

flexibility.  

Finally, the shape of P(r) is typical of elongated particles (Figure 4.12G)344. The inflection 

point following the maximum in P(r) represents the diameter of the rod and has a value of 

2.0 nm. This is in good agreement with the cross-sectional Rg and in excellent agreement 

with the expected diameter of the rod. The intersection of P(r) with the x-axis at 19.3 nm 

represents the largest diameter of the particle, Dmax. Here, this corresponds to the average 

length of the particle in solution. 
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(Figure legend on next page)  
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Figure 4.12: SEC-SAXS analysis of D0710. A. SEC chromatogram as monitored by A280, 
SLS and QELS of D0710 on a Superdex 200 Increase 3.2 column. B. Logarithmic intensity 
(I) in arbitrary units as a function of the momentum transfer vector q in nm-1. C. Fit of the 
Guinier approximation for qRg ≤ 1.1. D. Fit of the modified Guinier approximation for a rod. 
E. Fit of the central region of Log-Log correlation plot between I(q) and q. F. Kratky plot. G. 
P(r) obtained by GNOM418, normalised. 

The MW was determined from SAXS scattering on a relative scale using the method 

reported by Fischer et al.353, which is applicable to monodisperse proteins in a dilute 

solution (Table 4.4). The calculated MW (33.7 kDa) was in excellent agreement with the 

MW obtained by ESI MS (33.7 kDa). Furthermore, a solvent envelope of D0710 was 

obtained by ab initio modelling using Gasbor419. The fit of the solvent envelope models to 

the EOM models (see below) is reported as normalised spatial discrepancy (NSD), where a 

value below 1 indicates that the models can be treated as identical and the discrepancy 

between the theoretical scattering of the solvent envelope and the experimental 

scattering is reported as a χ2 value (Table 4.4).  

Table 4.4: SAXS structural parameters and molecular mass determination.  NSD is calculated by 
Damsup420. 

 Structural parameters MW determination 

I(0) 0.035 MW from Fischer et al.353 33.7 

Guinier qRg range 0.46-1.10 MW from SEC-MALLS (kDa) 32.1 

Rg from Guinier (nm) 4.61 MW from ESI MS (kDa) 33.7 

Rg from SLS (nm) 4.52 MW from sequence (kDa) 33.7 

Rh from QELS (nm) 4.2   

Shape factor (Rg/Rh) 1.1 Average NSD between three 
representative Gasbor models 

1.23 

Rc,g from modified 
Guinier (nm) 

0.65 NSD between representative Gasbor 
model and D1617,D1617 

1.20 

Dmax (nm) 19.3 NSD between representative Gasbor 
model and D16,D1617,D17 

1.15 

Porod exponent 1.07 NSD between representative Gasbor 
model and D16,D16,D16,D16 

1.09 

Gasbor model χ2 fit 1.61   

 

4.3.6.3 Ab initio modelling of D0710 

To investigate the possibility of flexibility in D0710 in solution further, the SAXS data was 

modelled using the ensemble optimisation (EOM) method356. Briefly, the structure is 

defined as an assembly of rigid bodies, of which 10,000-100,000 possible ensembles are 
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created. These are deposited in a pool and the theoretical scattering of the pool is 

compared with the experimental scattering, then an algorithm selects an ensemble best 

representing the data. Rigid structures are best represented by 1-5 conformations and 

flexible proteins typically contain 10-20 different conformations. As no crystallographic 

model is available for D0710, the crystal structure of D1617 was employed to generate 

three rigid body models equivalent to four DRESS domains with as close as possible to the 

same number of residues as in the D0710 construct (see section 2.9.4.1). They comprise 

four DRESS domains in tandem (D1617,D1617), two DRESS domains in tandem plus two 

single DRESS domains (D16,D1617,D17), or four single DRESS domains (D16,D16,D16,D16). 

This probes the effect of linker connectivity on how well the rigid body models fit the 

experimental scattering. 

All three theoretical rigid body models comprising four DRESS domains with different 

connectivities were fit best by an ensemble of maximally two conformations. The 

theoretical I(q) and P(r) functions of the conformations found with highest confidence 

(92%-100% of total ensemble) are fit to the experimental I(q) and P(r) (Figure 4.13A-F). The 

rigid body model containing D16,D1617,D17 fits the data best as judged from the χ2 value 

(Table 4.5). 

Table 4.5: Parameters of SAXS experimental data and EOM models. The Rg value for experimental 
data was obtained from the Guinier approximation and for EOM models from the Guinier approximation of 
the theoretical scattering of the selected models. The Dmax for experimental data was obtained from P(r), 
and for EOM models from theoretical scattering data converted to P(r) by GNOM418.  The χ2 value 
represents the error of the fit to the theoretical scattering of the selected ensemble to the experimental 
data421. Rflex (%) represents the flexibility of rigid body models in the selected ensemble and in all 
ensembles present in the pool. 

Rigid body 
models 

Number of EOM 
structures 

Rh 
(nm) 

Rg (nm) Dmax 
(nm) 

χ2 Rflex (%) 

  QELS Guinier EOM   Selection Pool 

Experimental 

data 
 4.52 4.61  19.34    

D16,D16,D16, 

D16 
10,000   5.13 18.14 1.98 48.30 87.51 

D16,D1617, 

D17 
100,000   5.13 17.77 1.10 57.03 89.06 

D1617,D1617 100,000    4.60 16.42 1.37 39.21 90.89 
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Furthermore, the highest confidence conformations fit into the solvent envelope of the 

experimental data, as calculated by ab initio modelling in Gasbor419 (Figure 4.13G). This 

confirms that the structures comprised of different sets of DRESS domains all represent 

the experimental data well. The parameter which shows the largest discrepancy is Dmax 

(Table 4.5). The model containing two tandem DRESS domains features the shortest Dmax 

and the model with four individual DRESS domains features the longest Dmax. The 

difference between these models can be explained by the different connectivities between 

DRESS domains. The lack of connectivity between DRESS domains allows for more flexibility 

with regard to adjacent domain orientations, optimising the structure guided by the 

observed scattering signal.  
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G. H. 

  

I.  

 

Figure 4.13: EOM models of D0710. The fit of the scattering intensity and P(r) for three 
different rigid body ensembles and a solvent envelope model419. A, B. D16,D16,D16,D16. 
C, D. D16,D1617,D17. E, F. D1617,D1617. G,H. Three representative solvent envelope 
models. I. Best-fits obtained by EOM for three different rigid body models shown overlayed 
on three representative ab initio solvent envelope models419. Image was created using 
CCP4mg. 

 

4.3.6.4 SAXS on D0118 

D0710, containing four DRESS domains, behaves as a rigid rod in solution (see section 

4.3.6.2). Here, the size and shape of D0118 representing the full, physiological repetitive 

region in SasC is determined by SEC-SAXS. Briefly, D0118 was analysed on a Shodex KW404-

4F column and the eluant was monitored by SLS and QELS (Figure 4.14A). Three species 

were detected in the A280 trace, but the signal-to-noise of the third peak (at elution frame 
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Scattering data for the minor peak (at elution frame 280) was restricted to below 1.7  

nm-1 (data collected to 4.9 nm-1) by SHANUM352 due to a poor signal-to-noise level for this 

species. The logarithmic scattering intensity (Figure 4.14B) is noisy and featureless, 
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scattering region of the double logarithmic plot (Figure 4.14C) was 3.3, which can be 

indicative of a collapsed polymer chain348. The Kratky plot (Figure 4.14D) did not converge, 

suggesting that the particle is disordered. Therefore, no further analysis was performed on 

this species. 

A. B. 

  

C. D. 

 
 

Figure 4.14. SEC-SAXS analysis of the large MW minor species in purified D0118. A. SEC 
chromatogram as monitored by A280, SLS and QELS of D0118 on a Shodex KW-404 column (volume 
4.6 mL). B. Logarithmic intensity (I) in arbitrary units as a function of q in nm-1. C. Fit of the central region 
in the Log-Log correlation plot between I(q) and q. D. Kratky plot. 

The shape of the logarithmic scattering plot for the major species (Figure 4.15A) suggested 

either disorder or an extended state344. The Kratky plot converged (Figure 4.15B), 

suggesting the particle was folded, and the Porod exponent from the Log-Log plot (Figure 

4.15C) was 1.05, indicating the particle behaves as a rigid rod in solution. Hence, further 

analysis of this species is valid. 

The Rg was estimated to be 16.6 nm from the Guinier plot (Figure 4.15D) and this value 

corresponds well to the Rg value obtained by SLS (16.8 nm, Table 4.6). A shape factor of 1.0 

was estimated from Rg, suggesting D0118 is elongated in solution. The Rg,c was 0.73 as 
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determined from the modified Guinier plot (Figure 4.15E), which provided an estimated 

rod diameter of 2.1 nm ± 0.03. This diameter is in good agreement with the values obtained 

for D0710 (1.84 nm) and from the crystal structure of D1617 (2.0 nm).  

Finally, P(r) was obtained by GNOM418 (Figure 4.15F). The P(r) indicates an elongated 

particle shape344 with a maximum dimension of 66.3 nm and an average diameter of 2.5 

nm. The maximum dimension represents the total length for a rod-like particle and this 

value is slightly smaller than the length estimated from the crystal structure for tandem 

domains (see section 3.3.9.2; 74 nm). The diameter of 2.5 nm is in reasonable agreement 

with the diameter obtained from the modified Guinier plot and the crystal structure. 

Possibly, a larger Rg,c value for D0118 compared to D0710 implies that the D0118 rod may 

bend more than the D0710 rod, as might be expected from the estimated length. 
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A. B. 

 

 

C. D. 

  

E. F. 

  

Figure 4.15: SEC-SAXS analysis of the major species in purified D0118.  A. 
Logarithmic intensity (I) in arbitrary units as a function of q in nm-1. B. Kratky plot. C. Fit of 
the central region in the Log-Log correlation plot between I(q) and q. D. Fit of the Guinier 
approximation for qRg ≤ 1.1. E. Fit of the modified Guinier approximation for a rod. F. 
Normalised P(r) obtained by GNOM418. 
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errors of ~10% for elongated molecules. The MW estimated here is 92% of the theoretical 

MW and 74% of the MW observed by QELS, indicating that the major species of D0118 is 
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this analysis has a poor signal-to-noise level and thus is only to be used as an 

approximation. Nevertheless, this MW is ~3 times that of a monomer and this in 

conjunction with the observed disorder, suggests that the minor species represents some 

‘collapsed’, possibly unfolded, oligomeric state of D0118.  

Table 4.6: SAXS structural parameters and molecular mass determination. 

Structural parameters Minor species Major species 

I(0) 0.00011 0.055 

Guinier qRg range 0.56-1.06 0.62-1.09 

Rg from Guinier (nm) 15.1 ± 4.8 16.6 ± 0.23 

Rg from SLS (nm) 13.2 ± 1.4 16.8 ± 1.2 

Rh from QELS (nm) 56.8 ± 5.1 10.0 ± 0.03 

Shape factor (Rg/Rh) 0.23 1.7 

Rc,g from modified Guinier (nm) 6.6 ± 0.24 0.73 ± 0.009 

Dmax (nm) 41.0 66.3 

Porod exponent 3.29 1.05 

Gasbor model χ2 fit N/A 1.24 

MW determination   

MW from Fischer et al.353 ~430 141.3 

MW from SEC-MALLS (kDa) ~387 ± 4 143.5 ± 0.1 

MW from ESI MS (kDa) N.D. 

Theoretical MW from sequence (kDa) 153.6 

 

4.3.6.5 Ab initio modelling of D0118 

The ab initio model of D0118 was created to determine if the rod is highly extended in 

solution. To do so, models were created of all DRESS domains in D0118 by SwissModel377, 

based on the X-ray crystal structure of D1617 (see section 3.3.9.2). EOM modelling was 

attempted using the same parameters as for D0710, but due to limited computing power 

of the local desktop PC it was not possible to generate the necessary 10,000 models from 

the eighteen different rigid-body models. Use of the online EOM model server was also 

attempted, where by default the harmonics were set to 15, while a maximum value of 50 

is optimal for large models and the maximum number of input models was ten. This sub-
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optimal setting generated an ensemble of three models with an overall Dmax of 35 nm and 

a Rg of 12.9 nm (Figure 4.16F). The theoretical scattering of this ensemble approximated 

the experimental data with a χ2 of 2.623, indicating a poor fit (Fit B; Figure 4.16C). The 

normalised P(r) function suggests the presence of a rod with a larger Dmax (Figure 4.16D).  

Instead, the AllosMod-FoXS server359,422 was employed to generate an ab initio model of 

D0118 based on the scattering data and the models generated by SwissModel (see section 

2.9.4.3)377. Here, a single model was generated (Figure 4.16E), where the theoretical 

scattering intensity approximated the data with a χ2 of 1.07 (Fit A; Figure 4.16A). The Rg of 

the model is 20.4 nm, close to the experimental Rg value of 16.6 nm obtained from the 

Guinier approximation, and the Dmax is 69 nm, close to the Dmax of the scattering data (66.3 

nm). Flexible linkers between domains did not improve the fit to the data, suggesting 

D0118 is a highly elongated, rigid rod in solution.  
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Figure 4.16: Ab initio models of D0118. A. Theoretical scattering intensity of AllosMod-
FoXS model. B. Normalised P(r) function of AllesMod-FoXS model, determined by 
GNOM418. C. Theoretical scattering intensity of EOM ensemble. D. Normalised P(r) function 
of EOM ensemble. E. AllosMod-FoXS model. F. EOM ensemble. Image was created using 
CCP4mg. 
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4.3.7 Elongation of the entire, intact DRESS region from SasC measured 

on a surface 

The repetitive region of SasC is hypothesised to form an elongated, rod-like conformation, 

where the predicted functional role is to project an N-terminal region away from the 

bacterial cell surface29. The elongation of protein constructs representing truncated and 

full portions of the DRESS region from SasC has been demonstrated by solution biophysical 

techniques. Here, the end-to-end distance of an A488-labelled recombinant protein 

construct containing eighteen DRESS domains (D0118_2A488) is determined as it 

represents the entire, intact repetitive DRESS region in SasC. This distance was determined 

by measuring the inter-fluorophore distance of two A488 fluorophores coupled to 

D0118_2Cys, where the fluorophore-labelled protein construct is immobilised on a 2 

μg/mL poly-D-lysine coated quartz slide via electrostatic interactions. Previously, SHRImP-

TIRF microscopy has been used to determine the end-to-end distances of protein 

constructs representing the entire repetitive region from SasG57. For further details about 

SHRImP-TIRF, please refer to section 2.10. 

The predicted inter-fluorophore distance is 65 nm based on the size of single and tandem 

DRESS domains in the X-ray crystal structure (Figure 4.17A, B; see Figure 3.18). This is in 

agreement with the inter-fluorophore distance of 60 ± 2.4 nm (mean ± s.e.) at pH 7.0 in 

HEPES imaging buffer (Figure 4.17C, D; Table 4.7), as determined from SHRImP-TIRF. At pH 

6.5 in MES imaging buffer, the observed inter-fluorophore distance is 44 ± 1.9 nm (mean ± 

s.e.; Figure 4.17E, F; Table 4.7). However, this dataset should be interpreted with caution 

as it was collected from a single experimental replicate. In addition, the Gaussian fit is 

shown for inter-fluorophore distance histograms without (Figure 4.17C, E) and with (Figure 

4.17D, F) an eccentricity filter applied to individual, detected fluorescent spots. The 

standard deviation of the Gaussian fit becomes smaller upon applying the eccentricity 

filter, thus increasing the precision of the mean inter-fluorophore distance. 
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C. D. 

  

E. 
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Figure 4.17: Inter-fluorophore distances on a 2 μg/mL poly-D-lysine coated quartz 
surface. Dashed line indicates the expected size. Solid line represents the Gaussian fit to 
inter-fluorophore distances <160 nm. A. Schematic inter-fluorophore distance of 
D0118_2A488. B. Schematic length of single and tandem DRESS domains; image was 
created using CCP4mg. C, D. 20-2000 pM D0118_2A488 in 10 mM HEPES, 10 mM NaCl, 1 
mM Trolox, 5 mM β-mercaptoethanol, pH 7.0, without (C) and with (D) eccentricity filter 
applied to fluorescent events. E, F. 100 pM D0118_2A488 in 10 mM MES, 10 mM NaCl, 1 
mM Trolox, 5 mM β-mercaptoethanol, pH 6.5, without (E) and with (F) eccentricity filter 
applied to fluorescent events; this dataset was collected from a single experimental replicate. 
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Table 4.7: Parameters for inter-fluorophore distance histograms and their Gaussian fit. Number of 
slides represents the number of independently prepared samples for imaging. aEccentricity ratio between 
0.85 and 1.15. n: number of measured inter-fluorophore distances. R2 represents the goodness of fit of the 
Gaussian curves to the histograms. 

Gaussian fit 
from Figure 
4.17 

C. D. E.  F. 

pH, buffer 7.0, HEPES 7.0, HEPES 6.5, MES 6.5, MES 

Number of 
slides imaged 

5 5 1 1 

Eccentricity 
filter applieda 

No Yes No Yes 

n 313 244 273 223 

Mean + s.e. 
(nm) 

65 ± 2.4 60 ± 2.4 41 ± 2.1 44 ± 1.9 

SD (nm) 43 37 35 28 

R2 0.89 0.82 0.94 0.88 

 

4.3.8 Mechanical unfolding and refolding of DRESS domains 

4.3.8.1 Introduction to mechanical unfolding of proteins using AFM 

Other α-helical repetitive domains with a mechano-sensitive functional role, such as 

spectrin in erythrocytes342 or talin in cell-matrix connections423, unfold at an applied 

elongational force of tens of piconewtons233. Furthermore, they refold342,424,425 and the 

unfolding/refolding pathways for various α-helical repetitive domains include both 

cooperative and non-cooperative folding/unfolding transitions423,426,427. Based on this 

literature, it was hypothesised that DRESS domains would unfold at applied mechanical 

forces on the order of tens of piconewtons. In addition to the previously observed refolding 

ability after thermal denaturation (data not shown), it was hypothesised that DRESS 

domains would also refold when the applied force is reduced to near zero. Finally, a 

cooperative unfolding pathway was observed for thermal denaturation (see section 3.3.7); 

here, it is assessed if DRESS domains also unfold cooperatively in mechanical pulling 

experiments.  

Briefly, a MLCT probe (Bruker) was calibrated as described in section 2.11.2. D0310_scc 

was deposited on a freshly exposed gold-coated glass square in a final concentration of 
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0.2-2 μM and incubated for five minutes at 20 °C to allow for the formation of thiol-gold 

bonds (average strength ~700 pN at pH 7.4411).  

4.3.8.2 Unfolding of DRESS domains under mechanical load 

The mechanical strength (F) required to unfold individual DRESS domains and the increase 

in contour length per unfolding event (ΔL) were measured by AFM. The fully extended, 

folded protein D0310_scc under at low applied force has an expected length of 44 nm, 

based on the crystal structure of D1617 and extended linker residues. The expected ΔL per 

unfolded domain is 28 nm, as calculated from the freely jointed chain model for rigid 

chains428 (Equation 4.4), where the contour length of a single amino acid in the extended 

state is assumed to be 0.42 nm429,430. The total contour length of a fully extended, unfolded 

D0310_scc molecule is estimated to be 266 nm.  

Equation 4.4: ΔL from freely jointed chain model428. 

∆𝐿 = 𝐿𝑒𝑥𝑡 − 𝐿𝑓𝑜𝑙𝑑𝑒𝑑 = 𝑁𝑎𝑎 ∙ 𝑏𝑎𝑎 − 𝐿𝑓𝑜𝑙𝑑𝑒𝑑 

where ∆𝐿 is the increase in contour length per domain, 𝐿𝑒𝑥𝑡 is the freely jointed chain 

length for a fully extended polypeptide representing one domain, 𝐿𝑓𝑜𝑙𝑑𝑒𝑑 is the length of a 

single folded domain and is obtained from the crystal structure of D1617, 𝑁𝑎𝑎 is the 

number of amino acids in the polypeptide representing one domain and 𝑏𝑎𝑎 is the contour 

length of a single amino acid in the extended state. 

A. B. 

  

Figure 4.18: Cartoon representation of the mechanical unfolding of DRESS domains. 
Only four domains and two unfolding events are shown for clarity. A. Schematic saw-tooth 
force-extension approach (grey) and retract (green) traces superposed on data from Figure 
4.19A. The schematic, bold, green retract trace is a WLC fit to the unfolding curve. B. 
Cartoon representation of the sequential unfolding of DRESS domains under constant 

applied force. Numbers correspond to sequential unfolding events in A. 
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Typically, the probe approaches the surface (Figure 4.18B; grey) and the force increases to 

a threshold force of 0.5-2 nN when the probe touches the surface (not shown). At the 

surface, the probe occasionally picks up a protein via non-specific interactions at a random 

position along the eight-domain D0310_scc protein233. As the probe lifts off from the 

surface, an initial peak of differing size is observed in the retract trace (green; not shown), 

which represents the protein in a random orientation lifting off from the surface while 

tethered between the probe and the surface. This is followed by the sequential unfolding 

of DRESS domains (Figure 4.18A, B). A single saw-tooth represents the elastic extension of 

an unfolded domain with increasing force (Figure 4.18; steps 1, 3), followed by a drop in 

force upon unfolding of the next domain (Figure 4.18; steps 2, 4)233,431. In the final peak, 

the non-specific, non-covalent interactions between the immobilised protein and the 

probe are disrupted and the protein is detached from the tip, usually requiring a force 

much larger (>200 pN) than that of the unfolding of DRESS domains. Figure 4.19 shows 

typical saw-tooth force-extension traces obtained at different constant pulling speeds. 

A. B. C  

   

D. E. F. 

   

Figure 4.19: Unfolding of D0310_scc. D0310_scc at 0.2-2 μM in 25 mM MES, 150 mM NaCl, 
pH 6.25 was unfolded using a MLCT-C or MLCT-D cantilever (see Table 2.16) at 21 °C. 
Unfolding speeds were A, D. 1500 nm/s, where arrows indicate unfolding events with a putative 
contour length of 2ΔL; B, E. 800 nm/s; C, F. 200 nm/s. Grey: probe approaching the surface; 
green: probe retracting from the surface; black solid line: WLC fit with p=0.40 nm. 

Saw-tooth force-extension traces with at least three DRESS domain unfolding events were 

fitted to the WLC model (Equation 2.30) to obtain ΔL and F. Histograms of observable 

parameters were fitted with a Gaussian distribution to obtain the mean and SD (Figure 
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4.20). DRESS domains unfolded at 109 pN ± 40 pN at a constant speed of 1500 nm/s (Figure 

4.20A); this value was obtained from analysis of a single data set, more experimental 

replicates are available but not yet incorporated in this average number. The ΔL was 34 nm 

± 6.5 nm for unfolding events recorded at 200 nm/s and 1500 nm/s as determined from 

multiple experimental replicates (no difference in ΔL between unfolding speeds; Figure 

4.20B). The difference between the expected and the observed ΔL per DRESS domain (6 

nm) might suggest a more compact folded state than anticipated, possibly due to the 

formation of a superhelical spring (see section 6.1.4.2).  

In most saw-tooth force-extension traces, unfolding events are observed, where the force 

does not return to baseline before the next observed unfolding event. This suggests that 

the next DRESS domain to unfold is mechanically less resilient than the DRESS domain that 

has just unfolded. This suggests that the domains are stabilised by the presence of adjacent 

folded domains. Most domains unfold individually, as opposed to cooperatively. Some 

traces show evidence of tandem domain unfolding, where ΔL approaches the expected 

increase of contour length for two presumably adjacent domains unfolding simultaneously 

(see arrows in Figure 4.19D).  

A. B. 

 

Figure 4.20: Histograms of F and ΔL for mechanical unfolding of individual DRESS 
domains. A. Unfolding force (F) for 495 unfolding events recorded at a pulling speed of 
1500 nm/s (this dataset was analysed from a single experimental replicate). The final 
protein-detachment event was usually much greater and is therefore not included in this 
analysis. Unfolding event detection and data analysis was kindly performed by William 
Rochira. B. Increase in contour length per domain (ΔL) for 136 unfolding events recorded 

at pulling speeds of 200 and 1500 nm/s. 

4.3.8.3 Refolding of DRESS domains under mechanical load 

The refolding ability of DRESS domains was assessed by first mechanically unfolding the 

construct, followed by relaxation of the force and refolding was monitored by AFM (Figure 

4.21; see section 2.11.4.2). Briefly, the probe approaches the surface in the ‘Approach’ step 
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until it touches the surface, where it holds for 0.1 s. During the ‘Unfold’ step, a constant 

force is applied of 35 to 50 pN for 6-12 s. At 50 pN, DRESS domains unfold frequently, 

followed by a flat baseline at constant force (Figure 4.21A,B) or detachment of the protein 

from the tip (Figure 4.21C). At 35 pN, unfolding followed by refolding under force is 

observed (Figure 4.21D), but generally, unfolding events are rare at this force. During the 

‘Refold’ step, the constant force is reduced to zero and this is held for 6 to 12 seconds. 

Refolding happened directly after relaxation of the force within a second. Finally, the 

protein is detached from the probe in the ‘Retract’ step and this is characterised by the 

large negative force required to break the non-specific, non-covalent interaction between 

the probe and the protein.  

Immediately after the ‘Hold’ step, an initial height increase is observed of ~35-70 nm, which 

is never fully recovered during the ‘Refold’ step. Considering that the expected length of 

the fully folded, extended protein is 44 nm, this height hysteresis might refer to ‘pulling’ 

the folded protein vertically, depending on the location of the probe along the rod and the 

initial folding state of the DRESS domains. When the protein is detached from the probe 

during the ‘Unfold’ step, this requirement is broken, as is reflected in Figure 4.21C, where 

the height of the probe after return to the surface is lower than the initial height increase. 

Here, the probe does return to the surface, however the rate at which the probe returns 

to the surface is slower, implying that no pulling force is acting on the probe. 

During the ‘Unfold’ step, force spikes are observed, which usually decrease in amplitude 

with an increasing number of unfolding events. A similar trend was present in Figure 4.19 

and supports the previous suggestion that unfolding of the first DRESS domain weakens 

adjacent DRESS domains. The increase in height per transition after ‘pulling’ the protein 

vertically varies from ~4 to 50 nm. This may reflect unfolding events ranging from individual 

helices in a single DRESS domain to the simultaneous unfolding of multiple DRESS domains. 

The fact that ΔL does not always represent a complete DRESS domain, implies that some 

domains might unfold partially. Finally, in Figure 4.21B, unfolding and refolding of part of 

a DRESS domain with a ΔL of ~5 nm was observed in quick succession and under constant 

force. 
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A. B. 

  

C.  D. 

  

Figure 4.21: Refolding of D0310_scc after unfolding at a constant applied force. A 75-
point mean smoothing filter was applied to the force data. A, B. Typical refolding behaviour of 
D0310_scc construct at constant applied force of 50 pN. C. Protein detachment from the AFM 
tip occurs during the unfolding step (applied force of 50 pN), supported by the absence of a 
large detachment peak. D. Unfolding and refolding of D0310_scc construct during constant 

applied force of 35 pN.  

4.4  Conclusions for this chapter 

This chapter addresses the end-to-end distance, shape, rigidity, thermal stability and 

mechanical strength of recombinant repetitive structural domains from the repetitive 

region of SasC.   

The thermal stability studies of recombinant repetitive structural domains suggest that at 

least some domains unfold simultaneously, suggesting some cooperativity. However, the 

quality of the thermal denaturation curve for D0118 is insufficient to make conclusions 
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about the number of transitions and to assign these to parts of the DRESS region of SasC. 

Follow-up thermal denaturation experiments by both CD and nano-DSF of smaller 

constructs covering the entire length of the DRESS region would provide more insight into 

the degree of cooperativity during thermal denaturation; thus, this data is interesting but 

not yet ready for publication. 

The size, shape and an estimation of the end-to-end distance were obtained for four DRESS 

domains and the physiological repetitive region of SasC by SEC-SAXS. The quality of the 

data of D0710 was excellent and the quality of the major species of purified D0118 was 

sufficient for accurate analysis, as is observed from the data plots shown in this chapter. 

Both datasets conclusively show that recombinant repetitive protein constructs containing 

multiple DRESS domains are elongated close to the maximum elongation that is expected 

from the crystal structure of tandem DRESS domains, that the proteins behave as rod-like 

particles in solution and that ab initio modelling of the particles as rigid rods fits best to the 

experimental data. Thus, this data is of sufficient quality for publication and no further 

experiments are required to support the statement that these recombinant protein 

constructs containing DRESS domains from SasC form elongated, rigid, rod-like particles in 

solution with approximately the expected dimensions in terms of end-to-end distance and 

diameter. 

The estimation of the end-to-end distance of the physiological repetitive region of SasC 

was further obtained by SHRImP-TIRF microscopy, where the recombinant protein was 

electrostatically immobilised on a poly-D-lysine coated quartz slide. The data presented in 

this thesis is of sufficient quality to conclude that at pH 7.0 at 2 µg/mL poly-D-lysine, the 

inter-fluorophore distance of D0118_2A488 suggests maximum elongation and implies 

rigidity. The same was observed at pH 6.5, however the experimental number of replicates 

is currently insufficient for publication. Although in this super-resolution technique, the 

standard deviation of the Gaussian fit to the histogram of inter-fluorophore distances 

seems large, this fit is of sufficient confidence for publication as was previously shown for 

a similar set-up in Gruszka et al.57.  

The mechanical strength and refolding ability of DRESS domains from SasC was studied 

using AFM. The veracity of unfolding events classified as DRESS domains was confirmed by 

the correct approximate increase in contour length per unfolding event, determined using 
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the WLC model with a p appropriate for a single polypeptide chain, and the selection 

criteria that were used for unfolding curves. Thus, the traces presented are assumed to 

correctly represent individual DRESS domain unfolding events. The values reported for the 

average unfolding force are currently obtained from a single dataset and therefore not yet 

ready for publication. A sufficient number of datasets has been recorded at 200 nm/s and 

1500 nm/s; obtaining a publication-ready average unfolding force and contour length for 

DRESS domains at these unfolding speeds is currently in progress. The refolding ability of 

DRESS domains shown in this thesis is to be used as preliminary evidence of mechanical 

refolding. Analysis of the increase in contour length per unfolding/refolding step and an 

attempt at repeated unfolding/refolding of a recombinant protein containing multiple 

DRESS domains is required prior to publication.  
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Chapter 5. Dynamic studies of SHIRT 

domains 

5.1 Introduction 

5.1.1 Background of SGO0707 

S. gordonii initiates the formation of dental plaque432 (see section 1.4.4) by adhering to the 

tooth surface18 and mediating cell-cell interactions433, both via CWA proteins433,434. 

However, S. gordonii can become opportunistic18 and spread to non-oral sites and cause, 

for example, infective endocarditis435.  

S. gordonii expresses various surface adhesin proteins with functions in adhesion and cell-

cell accumulation433,434. A CWA protein encoded by a gene with accession number 

sgo_0707230, here termed SGO0707, adheres to oral keratinocytes and type I collagen 

putatively via the A region231, but is not involved in cell-cell accumulation231. Interestingly, 

although type I collagen is the most abundant protein in the human body54, it is usually not 

readily available in the oral cavity436,437, suggesting that SGO0707 may play a role in 

pathogenesis231 by attaching to type I collagen at other sites, for example. 

The A region of SGO0707 is hypothesised to be involved in collagen binding231. The B region 

comprises thirteen SGO0707 high-identity repeat tandem (SHIRT) domains, of which the 

function is currently unknown. The repetitive region of SGO0707 is hypothesised to form 

an elongated stalk231, and this hypothesis is confirmed by preliminary experiments (F. 

Whelan and G. Gilburt et al., manuscript in preparation).  

5.1.2 Domain boundaries of SHIRT domains 

The repetitive region of SGO0707 comprises SHIRT domains. The domain boundaries of 

SHIRT domains were determined by Dr Fiona Whelan by crystallography. The structure of 

SHIRT domain S02_offset was determined, in which the correct domain boundaries 

appeared offset by five residues (Figure 5.1A). This allowed the correct domain boundaries 

to be proposed, which were validated by the structure of SHIRT domains 3 and 4 (S0304, 

Figure 5.1B). S0304 forms an elongated structure with SHIRT domains in a head-to-tail 

conformation. 
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A. B. 

 

Figure 5.1: Crystal structure of SHIRT domains in SGO0707 (data courtesy of Dr F. 
Whelan, manuscript in preparation). A. Crystal structure of S02_offset. B. Crystal structure 
of S0304 with Pro704 and Pro706 (green). Image was created using CCP4mg. 

The distance between domains S03 and S04 (>7 Å) is too large for stabilising interactions 

to occur (Figure 5.1B). However, the tandem domains are in an extended conformation in 

the crystal structure, linked by Pro704-Ala705-Pro706. Proline residues impose structural 

rigidity on a polypeptide chain438,439. However, it is unclear whether the observed 

extension of tandem domains is due to the proline-rich linker sequence or due to the 

packing of S0304 in the crystal lattice.  

5.1.3 Sequence alignment of SHIRT domains 

The average pairwise protein sequence identity between SHIRT domains is 88% (Figure 

5.2). S03 and S04 have a pairwise identity of 98%. Met631 in S03 is equivalent to Val715 in 

S04 and Ala673 in S03 is equivalent to Thr757 in S04. Here, experimental work is focused 

on S0304 with the linker sequence Pro704-Ala705-Pro706. 

 

Figure 5.2: MSA of SHIRT domains by Clustal Omega259 and coloured by percent identity in Jalview263. 

5.1.4 Relevance of studying repetitive domains  

CWA proteins with highly identical tandemly arrayed repeats in their B region are an 

exception in the well-regarded view that a lower sequence identity avoids domain 

aggregation211; thus, it is expected that highly identical tandem arrays confer another 

function. Indeed, changing the number of repeats was suggested to be an immune evasion 

strategy for a surface antigen protein of group B streptococci, alpha C440. Rib (resistance to 
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proteases, immunity, group B) is part of the alpha-like family441 and comprises a variable 

number of repeats with a sequence conservation up to 100% in its B region with a lower 

sequence conservation for the ‘capped’ domains441. Proteins with SHIRT domains also have 

a variable number of SHIRT repeats (Interpro entry IPR041030; analysis performed by Dr 

A. Bateman; F. Whelan et al., manuscript in preparation). 

However, molecular biology techniques and biophysical characterisation of high-identity 

tandem repeats can be challenging. Thus, it is important to generate tools that allow the 

study of tandemly arrayed, high-identity repetitive domains.  

5.2 Aims 

This chapter aims to characterise the flexibility/rigidity in SHIRT domains and in the linker 

between tandem SHIRT domains. To fulfil this goal, the following aims were set: 

• To introduce mutations in the linkers between tandem SHIRT domains to assess 

the effect of the substitution of the proline residues; 

• To assign the (1H,15N)-HSQC spectrum of SHIRT and tandem SHIRT domains; 

• To assess the flexibility of the linker between SHIRT domains through experiments 

that probe the dynamics of the protein backbone. 

5.3 Results  

5.3.1 Molecular biology for SHIRT domains 

SHIRT domains 03 and 04 were selected for recombinant gene expression and protein 

production, purification and biophysical characterisation from the repetitive region of 

SGO0707, because structural information is available to identify the residues in the loop 

region (Figure 5.3).  
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Figure 5.3: Schematic of SGO0707 with protein targets for this chapter. Domains scaled to relative 
size (residue numbers shown). Techniques: ASS: triple-resonance backbone assignment; DSF: nano-DSF; 
DYN: backbone dynamics experiments (T1, T2, (1H, 15N)-hnNOE); PUT_ASS: putative backbone 
assignment. 

To assess their role in restricting the flexibility of the loop region, the proline residues were 

substituted for alanine residues. Alanine was chosen because of a higher-than-average 

occurrence in native linkers442,443, a more comparable hydrophobic nature to Pro than 

Ser/Thr442 and a limited contribution to intrinsic flexibility, as opposed to Gly444.  

The DNA encoding S03 and S0304 was available in the pETFPP expression vector (courtesy 

of Dr Fiona Whelan). The DNA encoding S0304_P704A,P706A was ordered. To lower the 

DNA sequence identity between S03 and S04 to 80%; codons in redundant regions were 

mutated to different codons of high occurrence in E. coli. This facilitated the design of non-

redundant In-Fusion primers. The resulting DNA-sequence was ordered from Genewiz (see 

Appendix 7.4). 

5.3.2 Over-production and purification of 15N, 13C- and 15N-labelled 

SHIRT domains 

Recombinant gene expression and protein production conditions were screened for 

optimal production of uniformly isotopically labelled single and tandem SHIRT domains in 

BL21-Gold (DE3) cells. Typically, cells were grown at 37 °C in minimal media (see Table 2.4) 

supplemented with the appropriate isotope/isotopes, until an OD600 of 0.6 was reached. 

Recombinant gene expression and protein production was induced by the addition of IPTG 
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to a final concentration of 1 mM and cells were then grown at 20 °C for 18-22 hours. An 

example purification is shown for 15N-S0304. 

Briefly, cells were lysed, 15N-His6-3C-S0304 was purified from the soluble cell extract by 

IMAC and was competitively eluted using an increasing gradient of elution buffer (see Table 

2.4; Figure 5.4A, B) containing an increasing concentration of imidazole ranging from 20 

mM (0%) to 500 mM (100%). Fractions 6-10 and 11-23 were pooled and the His6-3C tag 

was cleaved from 15N-S0304 using HRV 3C protease in a mass ratio of protease to target 

protein of 1:150 for 16-20 hours at 4 °C (Figure 5.4C, shown for fractions 6-10). A diffuse 

band around 17 kDa (grey arrow) that appeared after cleavage of the His6-3C tag, and HRV 

3C protease were removed from 15N-S0304 by a second round of IMAC (Figure 5.4D,E; 

shown for fractions 6-10 from Figure 5.4A). 15N-S0304 eluted in the flow-through and the 

His6-3C tag and protease were competitively eluted by a stepwise increase in the 

concentration of imidazole from 20 mM (0%) to ~260 mM (50%). 15N-S0304 was 

concentrated by spin filtration and dialysed into 20 mM sodium phosphate, pH 6.0.  
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Figure 5.4: Purification of 15N-S0304. SDS PAGE analyses on 15% (w/v) polyacrylamide 
gels. A. SDS PAGE analysis of IMAC of 15N-His6-3C-S0304 (theoretical MW 20.9 kDa, 
black arrow). +: total fraction after 22 hours. L: lysate; P: insoluble material; S: soluble 
material; F: flow-through. Samples in left gel were diluted six times compared to right gel. 
B. IMAC chromatogram as monitored by A280. 4 mL fractions were collected, numbers 
correspond to A. C. SDS PAGE analysis of 15N-His6-3C-S0304 (black arrow) before (–) and 
after (+) HRV 3C protease (red arrow) cleavage into 15N-S0304 (theoretical MW 19.0 kDa, 
green arrow) and His6-3C tag (putatively assigned by grey arrow). Brightness was adjusted 
by +20% post-acquisition. Raw gel image is available in Appendix 7.3. D. 15N-S0304 was 
separated from the His6-3C tag and HRV 3C protease by IMAC as monitored by A280. E.
SDS PAGE analysis of IMAC monitored by A280. ±: before HRV 3C cleavage. –: before 
IMAC2. F: flow-through. Arrows correspond to C and fractions correspond to D.

15N-S03; 15N-, 13C-S03 and 15N-S03_P704A,P706A were purified in the same manner as 15N-

S0304. The purity of recombinant proteins was over 95%, as estimated from SDS PAGE 

analysis (Figure 5.5), the yield is reported in Table 5.1 and the correct mass and uniform 

labelling of recombinant proteins were confirmed by MS (Equation 5.1; Table 5.2).
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Figure 5.5: SDS PAGE analysis of purified recombinant proteins from this chapter on 15% (w/v) 
polyacrylamide gels. Brightness of 15N-S0304 was adjusted by +20% post-acquisition. Raw, non-
assembled gel images are shown in Appendix 7.3.

Table 5.1: Final yields of recombinant proteins used in this chapter.  Yield is displayed in mg purified 
target protein per litre medium. M: minimal media (see Table 2.2). pI and ε were determined by ExPASy 
ProtParam253.

Protein Yield
(mg L-1)

Media Last purification 
step

pI ε (M-1 cm-1)

15N-S03 60 M IMAC 2 4.80 13980

15N, 13C-S03 26 M IMAC 2 4.80 13980

15N-S0304 94 M IMAC 2 4.79 27960

15N-S0304_P704A, 
P706A

33 M IMAC 2 4.79 27960

Equation 5.1: Calculation of labelling efficiency.

%  = 100% ‒ ∆
#

where  is the mass difference between the observed and theoretical MW and ∆
 is the expected number of isotope atoms (see Table 5.2).#
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Table 5.2: Molar masses of single and tandem SHIRT domains as determined from ESI MS. aAverage 
labelling across 15N and 13C isotopes. 

Protein Expected number of 
isotope atoms 

MW (Da) Labelling efficiency 

 15N 13C Theoretical MS Δm (Da) % 
labelling 

15N-S03 108 N/A 9712.6 9710.0 -2.6 97.6 

15N, 13C-S03 108 425 10137.6 10128.4 -9.2 a98.3 

15N-S0304 211 N/A 18972.6 18970.3 -2.3 98.9 

15N-S0304_P704A, 
P706A 

211 N/A 18920.5 18917.9 -2.6 98.8 

 

5.3.3 Thermal stability of SHIRT domains 

The thermal stability of SHIRT domains was determined by nano-DSF (see section 2.6.3, 

Figure 5.6A). The Tm values of 15N-S03 and 15N-S0304 are very similar (Table 5.3) and do not 

imply a significant inter-domain stabilisation. The Tm of 15N-S0304_P704A,P706A is 

approximately one degree lower than that of S0304 (Table 5.3), suggesting that the 

proline-to-alanine mutations were not disruptive. SHIRT domains do not show signs of 

aggregation during thermal denaturation (Figure 5.6B). 

A. B. 
                

 

  
Figure 5.6: Thermal denaturation and aggregation of 15N-S03 (black), 15N-S0304 
(blue) and 15N-S0304_P704A,P706A (red) monitored by A. fluorescence ratio and B. 
static light scattering. Measured on 1 mg/mL protein in 20 mM sodium phosphate buffer, 
pH 6.0 (15N-S03) or pH 6.5 (15N-S0304, 15N-S0304_P704A,P706A). Positive aggregation 
control in B (in grey) is D1617 in 25 mM MES, 2 M NaCl, pH 6.0. 
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Table 5.3: Tm values of SHIRT domains. 

Protein Tm (°C) 

15N-S03 77.1 

15N-S0304 77.6 

15N-S0304_P704A,P706A 76.4 

 

5.3.4  (1H,15N)-HSQC-spectra of SHIRT domains  

The two-dimensional (1H,15N)-HSQC spectrum shows the correlation between the chemical 

shifts of directly bound 1H and 15N nuclei. The dispersion of 1H correlations provides 

information about the fold of the protein in solution445. Therefore, two-dimensional 

(1H,15N)-HSQC-spectra of S03, S0304 and S0304_P704A,P706A were acquired (Figure 5.7). 

(1H,15N)-HSQC-spectra were recorded in 20 mM sodium phosphate buffer at pH-values 5.5, 

6.0 and 6.5 to verify that SHIRT domains were stably folded in this pH range (data not 

shown for pH 5.5 and 6.5). All three proteins showed a wide dispersion in 1H correlations 

in all three conditions, indicating that they have a stable fold in solution.  
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A. 

 
B. 

 
C. 

 
Figure 5.7: (1H,15N)-HSQC spectra in 20 mM sodium phosphate, pH 6.0 of A. S03, with 

Trp Nε-Hε side chains indicated, B. S0304 and C. S0304_P704A,P706A. 
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(1H,15N)-HSQC-spectra at pH 6.0 typically show 1H, 15N resonances from backbone amide 

N-H bonds, Trp side-chain Nε-Hε bonds and bonds in –NH2 side chain groups from Arg, Asn 

and Gln. All amino acids in proteins except proline residues and the N-terminal residue are 

expected to give rise to backbone amide resonances. The resonances of Nε-Hε bonds in 

Trp side chains were identified by selective unlabelling of Trp by the addition of excess 

unlabelled Trp to the growth medium (data courtesy of Dr Michael Plevin, positions 

indicated in Figure 5.7A). The position for the Trp Nε-Hε resonance at 5.2 ppm resides three 

SDs from the average 1H ppm shift at ~10 ppm446. Here, the resonance has likely shifted 

due to ring current effects from proximal aromatic residues (F. Whelan et al., manuscript 

in preparation). 

The positions of –NH2 groups from Asn and Gln side chains are identified by the paired 

correlations with identical 15N chemical shift but different 1H chemical shift. S03 contains 

one Asn residue and four Gln residues and this matches the observed number of paired 

resonances (Figure 5.7A). S03 contains no Arg residues. Thus, the expected number of 

backbone amide resonances was observed in the (1H,15N)-HSQC-spectrum of S03 (Table 

5.4).  

SHIRT domains are tandem repeats with high sequence identity (see section 5.1.3). This is 

corroborated by the crystal structures of S0304, whose SHIRT domains have a backbone 

RMSD of 0.14 Å for the superposition of backbone atoms from 82 residues. Thus, SHIRT 

domains are very similar in sequence and structure. Therefore, it is expected that 

equivalent backbone amide bonds in S03 and S04 reside in a very similar chemical shift 

environment and give rise to near-identical (1H, 15N) resonances. The (1H,15N)-HSQC-

spectrum of S03 shows the expected number of backbone amide resonances (Table 5.4), 

but only 58% and 60% of expected backbone amide resonances are observed for S0304 

and S0304_P704A,P706A, respectively (Table 5.4); suggesting significant overlap of 

equivalent resonances in S03 and S04. Furthermore, the shift in only a small number of 

resonances in S0304/ S0304_P704A,P706A compared to S03 suggests that the chemical 

shift of backbone resonances is only influenced to a small extent by the presence of an 

adjacent SHIRT domain and inter-domain interface. Hence, S03 and S04 appear to have a 

minimal inter-domain interface, as expected from the crystal structure (Figure 5.1B) and 

similar Tm values (Table 5.3).  
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Table 5.4: Expected number of backbone amide resonances for S03, S0304, S0304_P704A,P706A. 

Protein Residue 
number 

Number of 
proline 
residues 

Expected 
number of 
backbone 
amide 

resonances 

Observed number of 
backbone amide 
resonances (% of total 
expected) 

S03 88 8 79 79 (100%) 

S0304 173 15 157 91 (58%) 

S0304_P704A, 
P706A 

173 13 159 96 (60%) 

 

To study the 15N relaxation properties of the backbone amide resonances in SHIRT 

domains, assignment is required. Overlapping resonances cannot be assigned to a specific 

domain due to ambiguity. However, for most non-overlapping resonances in the (1H,15N)-

HSQC-spectra of S0304 and S0304_P704A,P706A it is clear to which resonance in S03 they 

are equivalent. Therefore, the backbone amide resonances of S03 are assigned.  

5.3.5 Assignment of backbone resonances of S03 

The assignment of the backbone amide resonances of S03 were required to study the 

relaxation properties of backbone amide residues in the linker between SHIRT domains. To 

this end, S03 was uniformly labelled with 13C and 15N isotopes and three-dimensional triple-

resonance NMR spectra were acquired of 1.1 mM 15N-, 13C-S03 in 20 mM sodium 

phosphate, pH 6.0, 10% (v/v) D2O at 700 MHz, 25 °C (see Table 2.13). 
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A. B. 

 

Figure 5.8: Schematics of three-dimensional experiments used in the assignment of 
backbone amide resonances. Detected nuclei are shown in green and nuclei through 
which magnetisation is transferred are shown in bold in purple.  The J-couplings via which 
the magnetisation is transferred are shown in red for A. CBCA(CO)NH and in blue for B. 
CBCANH, where the phase for the magnetisation detected on CB is negative (light blue) 
and on CA is positive (dark blue) and the magnetisation from residues from i-1 are weaker 
(smaller arrows) than from residue i (larger arrows). 

The CA, CB, 1HN and 15NH resonances of 13C, 15N-S03 were assigned based on CBCA(CO)NH 

and CBCANH spectra. In the CBCA(CO)NH experiment (Figure 5.8A), the 15NH and 1H15 

resonances of residue i are correlated with the 13CA and 13CB resonances from residue i-1447. 

In the CBCANH experiment (Figure 5.8B), the 15NH and 1H15 resonances of residue i are 

correlated with the 13CA and 13CB resonances from residues i and i-1448. 13CB resonances are 

opposite in sign to 13CA resonances in CBCANH spectra, due to phase inversion, which 

facilitates the distinction between CA and CB resonances within strips (Figure 5.9B)448. The 

sensitivity of the CBCANH experiment for 13CA and 13CB resonances from residue i-1 is lower 

than from residue i. Therefore, CBCA(CO)NH and CBCANH experiments complement each 

other to unambiguously perform sequential backbone amide assignment of 13C, 15N-

labelled proteins447,448. An example of the resonance assignment from S03 is shown in 

Figure 5.9. 
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A. 
 
 
 
 
 
 
 
 
 
 
 
 

 
B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C. 

  

Figure 5.9: Example of backbone amide assignment of S03 using CBCANH and 
CBCA(CO)NH experiments. A. Schematic representation of 644Lys-645Asp-646Leu 
tripeptide from S03. B. Strips of CBCA(CO)NH and CBCANH spectra for each residue of 
the tripeptide. CBCA(CO)NH resonances are shown in red, positive CBCANH resonances 
in dark blue and negative CBCANH resonances in light blue. Horizontal lines indicate the 
sequential assignment process. C. 1H and 15N resonances of the strips. 

Sequential backbone amide ordering results in chains of 15NH resonances with 

corresponding 13CA and 13CB resonances. As proline residues lack backbone amide protons, 

they separate the sequence of S03 into chains ranging from two to 48 residues. The strips 

of backbone amide resonances are then matched with their respective residues in the 

sequence of the protein. Generally, the 13CA shift (57 ppm, on average446) is larger than the 

13CB shift (41 ppm, on average446), except for Ser (13CB 64 ppm, on average446) and Thr (13CB 

69 ppm, on average446). Furthermore, the 13CB shift for Ala at 13CB of 19 ppm, on average446, 

is characteristically small. Finally, glycine residues lack 13CB chemical shifts and their 13CA 

chemical shift is negative in sign. These properties facilitate matching chains of 15NH 
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resonances to the S03 sequence. The resulting backbone assignment of S03 is shown in 

Figure 5.10. The list of assigned resonances for S03 is shown in Appendix 7.5. 

A.  

 

B.  

 

Figure 5.10: (1H,15N)-HSQC spectrum of S03. A. Sequence of S03. B. Assigned (1H,15N)-
HSQC spectrum of S03. Inset: zoom of assigned (1H,15N)-HSQC spectrum. The residue 
numbering is as in SGO0707. Residues remaining from fusion tag are shown in purple. * 
represent the side chain (1H,15N) resonances of 641Q. 

5.3.6 Putative assignment of S0304 and S0304_P704A,P706A 

To investigate the 15N relaxation properties of tandem SHIRT domains, the non-overlapping 

backbone amide resonances in the (1H,15N)-HSQC spectra of S0304 and 

S0304_P704A,P706A need to be assigned. As sequential backbone assignment for tandem 

domains with high sequence identity and many overlapping resonances leads to 

621 625  630  635  640  645  650  655  660

GPAMAPTYKATHEFMSGTPGKELPQEVKDLLPADQTDLKDGSQA

665  670  675  680  685  690  695  700  705  

TPTQPSKTEVKTAEGTWSFKSYDKTSETINGADAHFVGTWEFTPA

621 625  630  635  640  645  650  655  660  

GPAMAPTYKATHEFMSGTPGKELPQE

705  710  715  720  725  730  735  740  745  750  

APTYKATHEFVSGTPGKELPQE

621 625  630  635  640  645  650  655  660

GPAMAPTYKATHEFMSGTPGKELPQEVKDLLPADQTDLKDGSQA

665  670  675  680  685  690  695  700 705

TPTQPSKTEVKTAEGTWSFKSYDKTSETINGADAHFVGTWEFTPA

710  715  720  725  730  735  740  745  750

PTYKATHEFVSGTPGKELPQEVKDLLPADQTDLKDGSQATPTQPS

755  760  765  770  775  780  785

KTEVKTTEGTWSFKSYDKTSETINGADAHFVGTWEFTPA
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ambiguous sequential assignment, the backbone assignment of S03 (Figure 5.10) was 

transferred to spectra of S0304 and S0304_P704A,P706A. This approach is regularly used 

in the interpretation of (1H,15N)-HSQC-spectra of point mutants of wild-type proteins449–451 

or the (marginal) shift of resonances in the presence of different binding partners452, when 

the backbone assignment of the reference protein is available. 

Here, the transfer of backbone assignments from S03 to tandem domains is valid, because 

of the large overlap of resonances between single and tandem SHIRT domains (Figure 

5.11). 15 resonances in S0304 (8.7% of residues) and 17 resonances in S0304_P704A,P706A 

(9.8% of residues) do not fully overlap with resonances in S03. In most cases, one of the 

putatively equivalent resonances in tandem SHIRT domains overlaps with a resonance in 

S03, while another resonance in its proximity does not overlap with resonances in S03.  
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A.  

 
B. 

 
C. 

 
Figure 5.11: Overlays of (1H,15N)-HSQC spectra of A. S03 (black) and S0304 (blue), B. 
S03 (black) and S0304_P704A,P706A (red) and C. S0304 (blue) and 
S0304_P704A,P706A (red). 
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To determine which non-overlapping equivalent resonance belongs to which SHIRT 

domain in S0304 or S0304P_704A,P706A, the crystal structure of S0304 is used (Figure 

5.12). The overlapping resonance is assigned to the equivalent residue furthest away from 

the domain interface, as likely this chemical environment is nearly identical to that in S03. 

Conversely, the proximal non-overlapping resonance in S0304 or S0304_P704A,P706A is 

assigned to the equivalent residue closest to the domain interface, as this chemical 

environment is likely different from that in S03. In some cases, such as for 697V/ 781V, the 

position of equivalent residues in the crystal structure is not sufficient to assign the non-

overlapping residues of tandem SHIRT domains. Here, the residue context is taken into 

account. The adjacent equivalent residues 698G/ 782G are also non-overlapping and 698G is 

close to the linker, while 782G is in an environment similar to S03 (data not shown). 

Therefore, 781V and 782G are assigned to the resonances superposed with that of S03 and 

697V and 698G are assigned to the non-overlapping residue. 

A. B. 

 
Figure 5.12: Examples of backbone amide assignment strategy of S0304 and 
S0304_P704A,P706A. A. Locations of non-overlapping residues in the crystal structure of 
S0304. Image was created using CCP4mg. B. Putatively assigned non-overlapping 
resonances from (1H,15N)-HSQC spectra of S0304 (blue) and S0304P&704A,P706A (red) 
superposed with the matching assigned resonance in S03 (black). 

The putative backbone amide assignment procedure was repeated for all non-overlapping 

resonances and the resulting putative backbone amide assignments are shown for S0304 

(Figure 5.13) and S0304_P704A,P706A (Figure 5.14). The lists of assigned resonances for 

S0304 and S0304_P704A,P706 are shown in Appendices 7.6 and 7.7, respectively. 
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A. 

 

B. 

 

Figure 5.13: Putatively assigned (1H,15N)-HSQC spectrum of S0304. Assigned non-
overlapping resonances are shown in bold black. Resonances from equivalent non-
identical residues shown in green. Residues remaining from fusion tag are shown in purple. 
A. Sequence alignment of S03 and S04 with residue numbering as in SGO0707. B. 
(1H,15N)-HSQC-spectrum of S0304.  

  

621 625  630  635  640  645  650  655  660  

GPAMAPTYKATHEFMSGTPGKELP

705  710  715  720  725  730  735  740  745  750  

APTYKATHEFVSGTPGKELP

621 625  630  635  640  645  650  655  660

GPAMAPTYKATHEFMSGTPGKELPQEVKDLLPADQTDLKDGSQA

665  670  675  680  685  690  695  700 705

TPTQPSKTEVKTAEGTWSFKSYDKTSETINGADAHFVGTWEFTPA

710  715  720  725  730  735  740  745  750

PTYKATHEFVSGTPGKELPQEVKDLLPADQTDLKDGSQATPTQPS

755  760  765  770  775  780  785

KTEVKTTEGTWSFKSYDKTSETINGADAHFVGTWEFTPA

S03

S04

S03

S04

621 625  630  635  640  645  650  655  660

GPAMAPTYKATHEFMSGTPGKELPQEVKDLLPADQTDLKDGSQA

710  715  720  725  730  735  740 

PTYKATHEFVSGTPGKELPQEVKDLLPADQTDLKDGSQA

665  670  675  680  685  690  695  700 705

TPTQPSKTEVKTAEGTWSFKSYDKTSETINGADAHFVGTWEFTPA

750  755  760  765  770  775  780  785

TPTQPSKTEVKTTEGTWSFKSYDKTSETINGADAHFVGTWEFTPA
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A. 

 

B. 

 

Figure 5.14: Putatively assigned (1H,15N)-HSQC spectrum of S0304_P704A,P705A. 
Resonances from equivalent non-identical residues are shown in green. Residues in blue 
cannot be unambiguously assigned. Unassigned resonance xxxX is shown in red. A. 
Sequence alignment of S03 and S04 with residue numbering as in SGO0707. B. (1H,15N)-
HSQC-spectrum of S0304_P704A,P706A. Residues remaining from fusion tag are shown 

in purple. Assigned non-overlapping resonances are shown in bold black.  

621 625  630  635  640  645  650  655  660
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665  670  675  680  685  690  695  700 705

TPTQPSKTEVKTAEGTWSFKSYDKTSETINGADAHFVGTWEFTAA

710  715  720  725  730  735  740  745  750  

ATYKATHEFVSGTPGKELPQEVKDLLPADQTDLKDGSQATPTQPS

755  760  765  770  775  780  785

KTEVKTTEGTWSFKSYDKTSETINGADAHFVGTWEFTPA
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5.3.7 Backbone dynamics of SHIRT domains 

The dynamics of backbone amide residues were studied using different relaxation 

parameters. The steady-state (1H, 15N)-hnNOE ratio reports on the flexibility of backbone 

amide resonances on the picosecond to nanosecond timescale453. The (1H, 15N)-hnNOE 

ratio is determined from the ratio of the intensities of resonances in the presence and 

absence of 1H saturation (Equation 2.14, see sections 2.7.3.3 and 2.7.8.4)297. Although 

there is no hard distinction between rigidity and flexibility based on (1H, 15N)-hnNOE ratio 

alone; here, it is assumed that a value above 0.5 suggests limited flexibility and a value 

below 0.5 indicates that the (1H, 15N)-bond is in a more flexible environment.  

A. 

 

B. 

C. 

D. 

Figure 5.15: (1H, 15N)-hnNOE ratios of SHIRT domains. Residues remaining from fusion 
tag are shown in purple. A. Schematic overview of tandem SHIRT domains with domain 
boundaries indicated by dashed lines. B-D. (1H, 15N)-hnNOE ratio for B. S03, C. S0304 
and D. S0304_P704A,P706A with * corresponding to the (1H, 15N)-hnNOE ratio for the 
remaining unassigned resonance. 

(1H, 15N)-hnNOE ratios for backbone amide resonances in single and tandem SHIRT 

domains are shown in Figure 5.15. The residues remaining from the fusion tag (purple) are 
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hypothesised to be unstructured and this is confirmed by the observation of (1H, 15N)-

hnNOE ratio below 0. The backbone amide bond from Ala621 is also flexible, with a (1H, 

15N)-hnNOE ratio below 0. The average (1H, 15N)-hnNOE ratio of backbone amide bonds in 

S03 and S04 are very similar and generally have (1H, 15N)-hnNOE ratios above 0.70 (Table 

5.5). This indicates that all backbone amide residues in SHIRT domains are in an 

environment with limited flexibility on the ps-ns timescale453.  

The proline residues in the linker region of S0304 are hypothesised to provide rigidity, 

minimising the flexibility in the linker region. The (1H, 15N)-hnNOE ratio of the putatively 

assigned backbone amide resonances Ala705 in the linker of S0304 is 0.76 ± 0.01 and the 

average (1H, 15N)-hnNOE ratio of resonances putatively assigned to the Ala704-Ala705-

Ala706 region in the linker of S0304_P704A,P706A is 0.65 ± 0.01. This suggests that 

mutation of proline residues in the linker increases dynamics on the ps-ns timescale.  

Furthermore, the rigidity of proline residues in the linker is hypothesised to link the 

rotational correlation of tandem SHIRT domains. In absence of proline residues, the 

increased flexibility in the linker might allow tandem SHIRT domains to rotate with a time 

constant more appropriate to the MW for their individual domains. This is probed by the 

calculation of the rotational correlation time, 𝜏𝐶, which is defined as the time it takes for a 

molecule to rotate through one radian294 (Equation 2.13). The relaxation time constants T1 

and T2 of backbone amide resonances in single and tandem SHIRT domains are determined 

(Figure 5.16, Figure 5.17) and the 𝜏𝐶 values are estimated (Figure 5.18). 
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A. 

 

B. 

C. 

D. 

Figure 5.16: T1 constants of backbone amide resonances in SHIRT domains. 
Residues remaining from fusion tag are shown in purple. A. Schematic overview of tandem 
SHIRT domains with domain boundaries indicated by lines. B-D. T1 values for B. S03, C. 
S0304 and D. S0304_P704A,P706A. 
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A. 

 

B. 

C. 

D. 

Figure 5.17: T2 values of backbone amide resonances in SHIRT domains. Residues 
remaining from fusion tag are shown in purple. Insets: close-up of T2 values of the linker 
region. A. Schematic overview of tandem SHIRT domains with domain boundaries 
indicated by lines. B-D. T2 values for B. S03, C. S0304 and D. S0304_P704A,P706A. 
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A. 

 

B. 

C. 

D. 

Figure 5.18: τC of backbone amide resonances in SHIRT domains. Residues remaining 
from fusion tag are shown in purple. A. Schematic overview of tandem SHIRT domains 
with domain boundaries indicated by lines. B-D. τC values for B. S03, C. S0304 and D. 
S0304_P704A,P706A. 

S03 has an average 𝜏𝐶 of 5.76 ± 0.08 ns, while the average 𝜏𝐶 of S03 in the tandem SHIRT 

domain S0304 is 11.80 ± 0.31 ns (Table 5.5). An increased 𝜏𝐶 for a S0304 compared to S03 

is expected, because the higher MW and more anisotropic shape limit the rotation along 

the long axis of the molecule. The proline-rich linker connects both SHIRT domains rigidly, 

leading to a rotational correlation time appropriate for a larger molecule. The 

P704A,P706A mutation between SHIRT domains lowers the average 𝜏𝐶 of S03 to 10.40 ± 

0.22 ns, suggesting a small increase in flexibility due to the absence of proline residues in 

the linker. However, the average 𝜏𝐶 of SHIRT domains in S0304_P704A,P706A does not 

approach the 𝜏𝐶 of a single SHIRT domain in solution, indicating that the short three-linker 

does not allow the domains to rotate independently.  
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This might be expected, as linker flexibility not only depends on the residue types in the 

linker, but also on the length of the linker. Wriggers et al. (2005)454 reported the distance 

at which a polypeptide chain comprised of one type of amino acid, changes direction. At 

three residues, hardly any difference was observed between a tripeptide of proline and 

alanine. 

Table 5.5: Average values of the relaxation analyses on S03, S0304 and S0304_P704A,P706A. 
Relaxation data was recorded at 1H 700 MHz. 𝝉𝑪 was calculated from Equation 2.13. Residues remaining 

from fusion tag were excluded from analysis. Ala621 was excluded from analysis.  

Protein 
 

Region 
 

(1H, 15N)- 
hnNOE (-) 

15N T1 (s)  
15N T2 (ms)  τC (ns)  

S03 S03 0.77 ± 0.003 0.67 ± 0.004 12.2 ± 0.25 5.76 ± 0.08 

 Linker 0.67 ± 0.02 0.66 ± 0.003 14.9 ± 0.18 4.96 ± 0.04 

 S04 N/A N/A N/A N/A 

      

      

S0304 S03 0.71 ± 0.01 1.08 ± 0.04 5.97 ± 0.21 11.80 ± 0.31 

 Linker 0.76 ± 0.01 1.08 ± 0.03 5.51 ± 0.06 11.81 ± 0.2 

 S04 0.71 ± 0.01 1.09 ± 0.04 5.33 ± 0.17 12.24 ± 0.32 

      

      
S0304_ 
P704A, 
P706A 

S03 0.75 ± 0.01 0.95 ± 0.10 6.60 ± 0.22 10.40 ± 0.22 

Linker 0.65 ± 0.01 1.09 ± 0.16 6.71 ± 0.19 10.69 ± 0.21 

 S04 0.73 ± 0.01 0.97 ± 0.13 5.95 ± 0.19 10.82 ± 0.24 

       

5.3.8 Qualitative comparison of relaxation parameters 

As SHIRT domains 03 and 04 have 98% sequence conservation and a backbone Cα RMSD of 

0.14 Å, it was of interest to determine if their relaxation properties were also similar. To 

this end, estimated τC values and (1H, 15N)-hnNOE ratios were plotted such, that values for 

equivalent residues were superposed along the x-axis for S0304 (Figure 5.19) and 

S0304_P704A,P706A (Figure 5.20). 
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A.  

 

B. 

 

 

C. 

 

Figure 5.19: Comparison of relaxation parameters for equivalent residues in S0304. A. 
Crystal structure of S0304 (courtesy of Dr F. Whelan) with residues in equivalent positions 
indicated. Image was created using CCP4mg. B. (1H, 15N)-hnNOE values for equivalent 

residues in S0304. Box: zoom of (1H, 15N)-hnNOE values from 0.5 to 0.86. C. τC values for 

equivalent residues in S0304.  
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A.  

 

B. 

 

 

C. 

 

Figure 5.20: Comparison of relaxation parameters for equivalent residues in 
S0304_P704A,P706A. A. Crystal structure of S0304 (courtesy of Dr F. Whelan) with residues in 
equivalent positions indicated. Image was created using CCP4mg. B. (1H, 15N)-hnNOE ratios for 
equivalent residues in S0304_P704A,P706A. Box: zoom of (1H, 15N)-hnNOE ratios from 0.5 to 0.86. C. 

τc values for equivalent residues in S0304_P704A,P706A. 
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hnNOE ratios and τC values between equivalent residues. For example, it was expected that 
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Met731/Val715) and not the adjacent loops in domain S04 of both S0304 and 

S0304_P704A,P706A (Tyr624/Tyr708, Gly633/Gly717) had significantly different relaxation 

properties (see Table 5.6). Perhaps, the first strand in S04 experiences motions on the ps-

ns timescale, detected by the (1H, 15N)-hnNOE ratio, which are not accompanied by 

increased motions detected by T1 and T2 relaxation experiments; or the effect of the 

interface is different than what was expected. 

In S03, the loop containing Ala673 was observed to bear some flexibility with a (1H, 15N)-

hnNOE ratio of <0.8, with a minimum for Glu674 of 0.66 (Figure 5.15B). Generally, loop 

regions might be expected to be more flexible than other elements of secondary structure 

and inter-domain interfaces likely stabilise adjacent domains. In tandem SHIRT domains, 

the opposite was observed, where the loop residue facing the SHIRT inter-domain interface 

(Ala673) has a significantly lower (1H, 15N)-hnNOE ratio and higher τC value than Thr757 

(Table 5.6). 

Finally, it was expected that the flexibility of Ala705 was reduced upon the introduction of 

a rigid linker in S0304 and reduced to a lesser extent in S0304_P704A,P706A. This was in 

agreement with the observed relaxation properties for Ala705 and Ala789 (Table 5.6). 
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Table 5.6: Relaxation values of residues in equivalent positions in S0304 and S0304_P704A,P706A. 

Protein S03 S04 

 Res. (1H, 15N)-

hnNOE 

ratio 

τC  Res. (1H, 15N)-

hnNOE 

ratio 

τC  

S0304_PA 624Y 0.75 ± 0.01 9.9 ± 0.2 708Y 0.61 ± 0.01 10.4 ± 0.2 

       

S0304 627T 0.714 ± 

0.004 

11.72 ± 0.3 711T 0.54 ± 0.01 12.6 ± 0.4 

S0304_PA 627T 0.73 ± 0.01 9.9 ± 0.2 711T 0.61 ± 0.01 11.0 ± 0.4 

       

S0304 631M 0.73 ± 0.01 10.9 ± 0.2 715V 0.58 ± 0.01 14.9 ± 0.8 

S0304_PA 631M 0.77 ± 0.01 10.0 ± 0.2 715V 0.60 ± 0.01 13.7 ± 0.4 

       

S0304 633G 0.75 ± 0.01 10.7 ± 0.3 717G 0.75 ± 0.01 10.9 ± 0.2 

S0304_PA 633G 0.76 ± 0.01 9.6 ± 0.2 717G 0.81 ± 0.01 10.2 ± 0.2 

       

S0304 673A 0.53 ± 0.01 13.1 ± 0.4 757T 0.78 ± 0.01 10.7 ± 0.2 

S0304_PA 673A 0.60 ± 0.01 12.0 ± 0.4 757T 0.79 ± 0.01 9.4 ± 0.1 

       

S0304 675G 0.70 ± 0.01 11.4 ± 0.4 759G 0.647 ± 

0.004 

12.0 ± 0.4 

S0304_PA 675G 0.70 ± 0.01 10.6 ± 0.3 759G 0.71 ± 0.01 9.6 ± 0.4 

       

S0304 676T 0.70 ± 0.01 12.2 ± 0.3 760T 0.69 ± 0.01 11.6 ± 0.2 

       

S03 705A 0.67 ± 0.02 4.9 ± 0.04 N/A   

S0304 705A 0.76 ± 0.01 11.8 ± 0.2 789A 0.62 ± 0.01 9.3 ± 0.2 

S0304_PA 705A 0.55 ± 0.01 11.7 ± 0.2 789A 0.70 ± 0.01 8.4 ± 0.2 

 

5.4 Conclusions of this chapter 

This chapter reports on the dynamic studies performed on SHIRT domains 03 and 04 and 

on the dynamics in the linker region between these domains. A backbone assignment was 

performed on S03; this data is ready for publication. Putative backbone assignments of 

S0304 and S0304_P704A,P706A were based on the backbone assignment of S03 and the 

crystal structure of S0304. An analogous approach is routinely used in the assignment of 

very similar domains, for example for the backbone assignment of point mutants of wild-

type proteins449–451. Here, this approach is considered reliable due to the high overlap of 

resonances between single and tandem SHIRT domains and thus may be used for 

publication.  
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Full backbone dynamics datasets were recorded at 700 and 800 MHz; here, the analysis is 

shown for the data recorded at 700 MHz. This data conclusively shows that SHIRT domains 

lack flexible loops. The backbone dynamics of residues putatively assigned to the linker 

region reveal that the proline residues in the linker limit the backbone flexibility of Ala705.  

However, there is scope for both sets of relaxation data (recorded at 700 and 800 MHz) to 

be analysed using model-free analysis to separate the (likely anisotropic) global correlation 

time of the molecules from the faster internal motions. This approach allows a more 

detailed look into the anisotropic dynamics of SHIRT domains and this level of detail would 

be expected for publication purposes. Potentially, a third dataset at e.g. 500 or 900 MHz 

might be required as the frequencies of the current datasets are quite close together. 
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Chapter 6. Discussion, conclusions and 

future directions 

6.1 Discussion for DRESS domains 

6.1.1 DRESS domains; DUF1542 domain boundaries redefined 

Secondary structure predictions and MSAs of DUF1542 domains suggested that the current 

domain boundaries reported in the literature111 are incorrect and should be shifted by ~20 

residues (Figure 6.1). Using the resulting domain boundaries, the crystal structure of 

tandemly arrayed DRESS domains was solved. The structure comprised two complete 

domains and therefore verified the new domain boundaries. 

The redefinition of the domain boundaries of DUF1542 domains and the biophysical 

characterisation of single and tandem DUF1542 domains enable us to rename DUF1542 as 

DRESS domains. 

 

Figure 6.1: Domain boundaries and secondary structure prediction of DUF1542 domain 1 in Epf and 
DUF1542 and DRESS domain 16 in SasC. Epf/387-464: domain boundaries of DUF1542 1227. Epf/365-
441: domain boundaries shifted by 24 residues. SasC/DUF1542/16: domain boundaries from Schroeder 
et al. (2009)111. MSA was performed with 18 DRESS domains in Clustal Omega259, here DRESS domain 
16 is shown. The secondary structure prediction was performed by PSIPRED375 with α-helices shown in 
green. The α-helical residues in the crystal structure of D1617 are shown in orange. Black lines represent 

coil regions. 

6.1.1.1 Recombinant production of DRESS domains 

Previously, multiple DUF1542 domains were produced from the CWA protein Epf from S. 

pyogenes227 or from SasC111. Attempts to produce one DUF1542 domain from Epf with 

domain boundaries as in Figure 6.1 failed227. This is consistent with preliminary 

Epf/387-464 ------------------------gekpvqntnkelqlqelnkkyqmakeaiesattlddvetqfdkytkv-gdkd--kypdslrnqytqgdkdkeiekakksl

Epf/365-441 ldkvkkqiedsingdawlp-ekpegekpvqntnkelqlqelnkkyqmakeaiesattlddvetqfdkytkv-gdkd--kyp-----------------------

DUF1542/16 -----------------NKINLIKANNEATDEEQNIAIAQVEKELIKAKQQIASAVTNADVAYLLHDEKNEIREIEPVINRKASAREQL----------------

DRESS16      ATTVKATALQQIQNIATNKINLIKANNEATDEEQNIAIAQVEKELIKAKQQIASAVTNADVAYLLHDEKNEIREIEP-----------------------

DRESS16   ATTVKATALQQIQNIATNKINLIKANNEATDEEQNIAIAQVEKELIKAKQQIASAVTNADVAYLLHDEKNEIREIEP-----------------------

:       :          :        *        

α-helix

Coil

Structure  Predicted

Secondary structure
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experiments performed for this thesis, where a single DUF1542 domain with literature 

domain boundaries was degraded during over-production of the recombinant protein 

(data not shown). Genes encoding four or sixteen DUF1542 domains of Epf, putatively 

containing five and seventeen complete, folded DRESS domains with unstructured termini 

of maximally 23 residues, could be recombinantly expressed and produced228,227; while 

genes encoding eight DUF1542 domains of Epf, putatively comprising nine folded DRESS 

domains and ~35 putatively unstructured residues at either end, could not be expressed 

and produced227. Schroeder and co-workers111 could successfully produce eight DUF1542 

domains, putatively comprising seven folded DRESS domains with predicted unstructured 

termini of ~18 residues, from SasC. In this work, redefinition of the domain boundaries 

enabled the successful over-production and purification of single, tandem and multiple 

DRESS domain constructs.  

6.1.2 Evidence of adducts in some SasC constructs 

The MW of proteins produced in this thesis was assessed by MS. In most cases, a MW was 

found that was within 1 Da of the expected MW. For D1617, D1617_T1838D and 

D1617_T1838D,N1843D; a consequent mass difference of 1 Da was observed that 

remained unaccounted for. For D0310_scc, three species were observed, of which 24% 

contained the correct MW species, in addition to two species that were +162.13 Da (65%) 

and 2x +162.13 Da (11%) heavier than the target protein. The size of the mass adducts is 

consistent with glycosylation to incorporate a monosaccharide.  The location of the 

modification seems consistent with a modification of the cysteine residues via a bond that 

is not affected by reduction.  

S-linked glycosylation is a rare post-translational modification of free cysteine residues and 

is reported in vivo in the antimicrobial peptides sublancin455 and glycocin F456, which 

contain five cysteine residues of which four are involved in the formation of disulfide bonds 

and the remaining in S-glycosylation. In glycocin F, secreted by the Gram-positive 

bacterium Lactobacillus plantarum strain KW30, the S-glycosylated cysteine residue is the 

C-terminal residue of the peptide comprising 43 residues, which is separated from the core 

of the disulfide-bonded peptide via a predicted flexible, unstructured linker with the 

sequence HHSSGSSSYHC456. So far, the mechanism behind the secretion of glycocin F 

remains elusive457. 
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Here, the nature and location of the modification on D0310_scc remains speculative. A 

doubly S-glycosylated protein would not bind to the gold surface. However, at least 65% of 

D0310_scc still featured a free cysteine residue, which is functional for immobilisation on 

a gold-coated glass square; AFM immobilisation experiments confirmed this. Therefore, it 

is assumed that AFM experiments were not affected by the presence of adducts on 

D0310_scc. 

6.1.3 The oligomeric state of DRESS domain-containing proteins 

Different oligomeric states were observed for different parts of the repetitive region of 

SasC. Four domains from the C-terminal end of the DRESS region, D1417, showed a dimeric 

state as determined from the MW calculated by SLS. On the contrary, four domains from 

the middle of the DRESS region, D0710, were monomeric. The entire repetitive region of 

SasC, D0118, that contains both D0710 and D1417; was 94% monomeric as determined 

from the MW calculated by SLS (see sections 4.3.3 and 4.3.4). Finally, four DRESS domains 

from the N-terminal end of the repetitive region in Epf were monomeric in solution228. As 

the intact repetitive region of SasC is a monomer in solution, the observed dimerisation of 

D1417 might be non-physiological.  

The presence of fusion tags has been reported in the literature to be able to cause non-

physiological dimerisation458,459. However, the tag has been efficiently removed from 

D1417 as observed by SDS PAGE analysis (data not shown) and a correct MW as 

determined by MS (see Table 4.2).  

6.1.4 Crystal structure of D1617  

The crystal structure of tandem DRESS domains (Figure 3.18A) verified the proposed 

domain boundaries for DRESS domains. D1617 consists of two triple-helical bundles. The 

domains are arranged in a head-to-tail conformation with N- and C-termini at opposite 

ends, forming an elongated rod-like structure (Figure 3.18B). Other tandem domains in 

repetitive regions also adopt a head-to-tail conformation, such as repeats in the repetitive 

region of SasG57 or alternate GA- and FIVAR modules in Ebh58. Many CWA proteins contain 

a repetitive region between the (putative) N-terminal adhesin and the C-terminal covalent 

linkage to the cell wall29,30, and for SasG, extension in the repetitive region effectively 
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projects the N-terminal adhesin away from the cell wall59. Here, the structure of tandem 

DRESS domains is discussed. 

6.1.4.1 Sequence conservation mapped on DRESS domains 

The average pairwise sequence identity between DRESS domains in SasC is 28.7% 

(calculated by Clustal Omega259). However, the sequence conservation of residues in the 

interface of DRESS domains was significantly higher (see Figure 3.25). For example, 

Thr1838 is conserved in DRESS domains 1 to 17 and is located at the C-terminus of a DRESS 

repeat. This conservation is lost in DRESS domain 18, which does not C-terminally interact 

with another DRESS domain. On the contrary, no such conservation is observed for polar 

residues within the α-helical secondary structure. All conserved polar residues were 

located in domain interface regions. These interfaces are essential for tandem DRESS 

domain stability, as was shown by the disruptive mutation of the interface, T1838D, which 

changed the tandem DRESS response to thermal denaturation or ionic strength to that of 

a single domain.  

Generally, individual domains in multi-domain proteins with sequence identities over 30-

40% maintain their interface geometry200,460. A pairwise sequence identity below 40% is 

considered advantageous for adjacent domains to avoid misfolding and aggregation196. 

Here, the residues not involved in the formation of inter-domain interfaces lie below this 

cut-off and might help to avoid misfolding. The residues that are essential for the formation 

of interfaces are much more conserved and thereby are likely to mediate very similar inter-

domain geometries. 

6.1.4.2 Tilt and twist angles between tandem domains 

Two DRESS domains form a tandem, elongated structure containing head-to-tail organised 

tandem domains. The tilt angle between D16 and D17 was 154° and the twist angle was 

139.2° (see Figure 3.20). The tilt and twist angles of selected tandemly arrayed domains 

were estimated as previously described (see section 3.3.9.4) and compared (Table 6.1). 

With the exception of spectrin domains, other tandemly arrayed domains had a high twist 

angle between adjacent tandem repeats. In B regions containing repeating units of 

multiple domains (alternating tandemly arrayed domains; Table 6.1), a high twist angle was 

observed for every other domain. The estimated tilt angles range from 135° (talin) to 174° 

(E-G52).  
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A high twist/high tilt angle between multiple repeats would result in a highly extended and 

twisted repetitive region that bears a resemblance to the topology of a twisted rope. This 

might increase the overall strength of the twisted region387,397,398. A high 

twist/intermediate tilt angle between multiple repeats might still be capable of forming 

the twisted rope-like structure; in addition, the lower tilt angle might introduce a 

superhelical-like shape of the B region that might have a spring-like function. 

Table 6.1: Twist and tilt angles of head-to-tail, tandemly arrayed repetitive domains. The twist angle 
is obtained from the average of the κ angle from superposition in Coot332 and from the superposition angle 
in CCP4mg. The tilt angle is obtained from the manually calculated average between the long axis of 
domain 1 with the long axis of domain 2. aWinCoot superposition failed. bRib: Resistance to proteases, 
immunity, group B441. 

Protein PDB Domains Number of 
domains in 

B region 

Twist 
(°) 

Tilt (°) Reference 

Tandemly arrayed 

SasC N/A D1617 18 139.2 154 This work 

α-
Actinin  

1quu Spectrin repeats 2-3 4 a57.0 164 379 

Plakin 5j1g Spectrin domains 7-8 9 58.6 161 398 

Talin 3dyj IBS2-A,B 12-13 177.4 135 461 

Titin 3b43 I67-I68 31 176.1 Variable 462 

bRib N/A 2 Rib domains  12 170.6 164 Crystal structure by Dr 
F. Whelan (F. Whelan 
et al., manuscript in 
preparation) 

Alternating tandemly arrayed domains 

Ebh 2dgj FIVAR-GA 52 141.7 169 58 

 2dgj GA-FIVAR  24.0 137 58 

SasG 3tiq G51-E 
 

9 a12.9 160 59 

 3tiq E-G52  111.4 174 59 

 

The observation that many different consecutive domains in bacterial extracellular 

repetitive regions display large twist/tilt angles, might suggest that this is a successful 

approach to create a higher tensile strength. This might replace disulfide bonds, that are 

not usually present in the extracellular environment of Gram-positive bacteria249 or 

isopeptide bonds (covalent bonds between side chains; not detected in the crystal 
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structure of D1617)463. This is supported by the fact that for all cases described in Table 

6.1, an extended rod-like repetitive region is suggested (Rib (F. Whelan et al., manuscript 

in preparation), plakin398, α-actinin379, talin461, titin203, SasG59, Ebh58).  

6.1.4.3 Comparison of tandem DRESS domains to other known structures 

Staphylococcal proteins feature several known triple-helical domains, such as the triple-

helical domains in SpA44, the GA-module464 and the FIVAR motif58. Three-helix bundles are 

a very common structural motif with a plethora of functions465, ranging from forming a part 

of a human heat shock protein (PDB 3lof) to the nucleocapsid-binding domain from mumps 

virus466 (PDB 3bbz). Here, the structural similarity between DRESS domains and other 

triple-helical protein domains is assessed. 

Structures homologous to DRESS domains in the PDB467 were identified using the DALI 

server468,469 and aligned using the all-against-all SSM functionality of DALI468,469 (Figure 

6.2A-E). Over 100 hits were found for D16 with significant structural similarity (Z score >2), 

consistent with helical bundles being common protein structures465.  

The non-tandem, triple-helical domain Rich in Charged Residues (RICH) from the N-

terminal region of Choline binding protein A (CbpA) most closely resembled the structure 

of a DRESS domain (Table 6.2, Figure 6.2). RICH interacts with its binding partner 

complement factor 9470. No conservation is observed between the binding residues of RICH 

and equivalent residues in DRESS domains, which is consistent with different functions for 

RICH and DRESS.  
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Table 6.2: SSM parameters of selected three-helix bundles, aligned to D16. 

Domain PDB RMSD (Å) Pairwise sequence 
identity 

Number of aligned residues 

RICH 4k12 1.6 7% 82 

D17 N/A 1.1 29% 73 

 

A. B.  

  

 

Figure 6.2: Structural homologues of DRESS domain D16 (orange). All domains have 
the N-terminus on the left. Superposition performed by DALI471 with reference to D16. 
Images were created using CCP4mg. A. RICH domain470 (red; PDB 4k12), B. DRESS 
domain 17 (yellow).  

6.1.4.4 Linkers in multi-domain proteins 

Linkers between protein domains are essential for inter-domain communication, inter-

domain flexibility and/or maintaining end-to-end distances between domains454. The 

rigidity in linkers is generally achieved by contiguous helical secondary structure, such as 

in spectrin472, or by the incorporation of proline residues into non-helical linkers. For 

example, triple-helical domains linked by six residues in SpA require flexibility to mediate 

binding to different binding partners56. On the contrary, repetitive regions forming an 

elongated rod such as FIVAR-GA domains in Ebh58 or E-G5 domains in SasG59 are 

consecutive without residues assigned to a linker function, leading to restricted inter-

domain flexibility and rigid repetitive regions. Typically, linkers are 5-10 residues in 

length399,454, however head-to-tail oriented domains tend to have shorter linkers473. 

Although the classical description of a linker involves more hydrophilic, flexible, non-

conserved regions474, linkers are, on average, 42% buried upon interface formation439.  

DRESS domains are connected by a Pro1885-Ile1887 linker, which, on average, is 37% 

buried upon interface formation as determined by PISA338. Proline residues are common 

in linkers439 and small hydrophobic residues such as Val and Ile have increased propensities 

to occur in short linkers439. Here, this short linker is likely to minimise inter-domain 

flexibility with the proline residue providing structural rigidity399. Hence, based on the 

linker length and amino acid content, the DRESS region might form a rigid structure. 
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6.1.5 The DRESS region forms a rod-like region 

6.1.5.1 Solution techniques 

SAXS 

Solution-based structural information from SAXS has been used in studying the overall size 

and shape of repetitive regions from other multi-domain proteins, such as DUF1542 

domains in Epf228, E-G5 repeats in SasG57, three-helix bundles in SpA45 and spectrin repeats 

in plectin and desmoplakin398. Here, the size of DRESS domains in multi-domain proteins 

was estimated by SAXS. 

The Epf SAXS construct, EpfN_DUF1-3228, contains an N-terminal region comprising two 

sub-domains of known structure and three putative DRESS domains. A MSA to DRESS 

domains in SasC reveals the presence of three complete DRESS domains, plus sixteen 

residues of DRESS domain 4 in Epf (Figure 6.3C) that likely remain disordered. Ab initio 

models of flexible regions require multiple conformations343, therefore it is likely that the 

sixteen putatively disordered residues in EpfN_DUF1-3 are not visible in an ab initio model 

with a single conformation in Figure 6.3B. The Dmax of EpfN_DUF1-3 is 20 nm with 8 

attributed to the N-terminal region, leaving 12 nm for three DRESS domains, estimated to 

be 4.0 nm per DRESS domain. 

 

 
A. 
 
 
 
B. 
 
 
 
C. 
 

D. 

 

 

Figure 6.3: Analysis of the SAXS model of EpfN_DUF1-3 (residues 58-612)228. A.  Three ab initio 
modesl of 4 DRESS domains from SasC (D0710) generated in Gasbor419. B. Ab initio model of 
EpfN_DUF1-3 (grey)228. Scale bar represents 10 nm in both models. C. Residue numbers in the 
EpfN_DUF1-3 SAXS model, colours correspond to MSA of DRESS domains in D. D. MSA of DRESS 
domains from SasC (D16 and D17 shown; top) and Epf with proposed domain boundaries for DRESS 
domains within the EpfN_DUF1-3 construct.  

16/1809-1885 ATTVKATALQQIQNIATNKINLIKANNEATDEEQNIAIAQVEKELIKAKQQIASAVTNADVAYLLHDEKNEIREIEP-

17/1886-1962 VINRKASAREQLTTLFNDKKQAIEANIQATVEERNSILAQLQNIYDTAIGQIDQDRSNAQVDKTASLNLQTIHDLDV-

Epf_1/365-441 LDKVKKQIEDSINGDAWLPEKPEGEKP-VQNTNKELQLQELNKKYQMAKEAIESATTLDDVETQFDKYTKVGDKDKYP

Epf_2/442-519 DSLRNQYTQGDKDKEIEKAKKSLGDLSDKVNGKIEEDKWLSAEVKKKQQQELEARKQKVNDSLKGSDSLKSLRETVEK

Epf_3/520-597 ASSKNQKKPESFEDVYVPGNEETEKTKVRDILQKTYQKTEQNIETDPWLSPEQKKAQKENAKTRLDAGLKAVETTES-

Epf_4/598-612 LDKLKEVESDFLDKEK

365-441EpfN/58-349
442-519

520-597
598-612350-364

EpfN_DUF1-3

4 DRESS domains

10 nm
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Here, the Dmax of four DRESS domains from SasC was 17.5 nm as determined by SEC-SAXS 

(Figure 6.3A), implying one DRESS domain has a length of 4.4 nm. This is close to the length 

of one DRESS domain as obtained from the X-ray crystal structure of 4.2 nm. Eighteen 

DRESS domains in D0118 had a Dmax of 66.3 nm, implying one DRESS domain has a length 

of 3.7 nm. However, the diameter of the D0118 rod was larger than the D0710 rod, 

indicating that D0118 might bend more than D0170. 

Porod exponent 

The “dimensionality” of particles in solution was analysed using the Porod exponent, 

calculated from the negative slope of the mid-q region of a logarithmic plot for q versus 

I(q)348; see sections 4.3.6.2 and 4.3.6.4. Globular proteins have a Porod exponent of 3-4; 

particle shapes with two dimensions, such as lamellae, have a Porod exponent of 2; and 

stiff, rigid rods or thin cylinders have a Porod exponent of 1348,349.  

The Porod exponents of different lengths of the repetitive region of SasG were studied by 

SAXS57. Values were found to range from 1.04-1.10, indicating rod-like behaviour in 

solution. For SasC, the Porod exponents of D0710 and the major species of purified D0118 

were 1.07 and 1.05, respectively, confirming elongation and rigidity in solution. The Porod 

exponent of the minor species in purified D0118 was 3.3, suggesting a ‘collapsed’ polymer 

chain. Together with the observation of disorder from the Kratky plot (see Figure 4.14C), 

the very large Rg,c, the higher oligomeric state from MW analysis (see Table 4.6) and its 

elution from a SEC column close to the void volume (see Figure 4.13A), this species might 

represent unfolded, aggregated D0118. 

The existence of flexibility within the rods formed by the D0710 and D0118 protein 

constructs was investigated by ab initio modelling (see sections 4.3.6.3 and 4.3.6.5). Both 

protein constructs were best represented by only 1-2 models, whereas flexible proteins 

usually require 10-20 models356. In summary, SEC-SAXS analysis and ab initio modelling of 

D0710 and D0118 show that DRESS regions form highly elongated, rigid rods in solution.  

6.1.5.2 Elongation of the entire, intact DRESS region from SasC measured on a 

surface 

SHRImP-TIRF microscopy was employed to determine the end-to-end distance between 

fluorophores in the D0118_2A488 construct (see section 4.3.7). A distance of 65 nm was 
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expected, based on the end-to-end distance of single and tandem DRESS domains in the X-

ray crystal structure (see Figure 3.18). Here, an end-to-end distance of 60 ± 2.4 nm (mean 

± s.e.) was determined in HEPES imaging buffer, pH 7.0 (see Table 2.4) from 244 

measurements on 5 independently prepared imaging samples. An end-to-end distance of 

44 ± 1.9 nm was determined in MES imaging buffer, pH 6.5 (see Table 2.4) from 223 

measurements on one imaging sample. By reducing the pH of the imaging buffer to near 

the average pI of a DRESS domain (= 5.5), the overall charge on the D0118_2A488 construct 

should be reduced (predicted charge475 at pH 7.0: -47.5, at pH 6.5: -39.4). It was 

hypothesised that decreasing the surface charge would reduce the local electrostatic 

repulsion between adjacent DRESS domains. In turn, this would lead to an increase in the 

flexibility of the elongated rod and a decrease in the observed end-to-end distance. The 

lower surface charge repulsion at pH 6.5 may also lead to the observed higher thermal 

stability of D0118_2Cys (used to prepare D0118_2A488) in the MES imaging buffer 

compared to the HEPES imaging buffer (+0.6 °C, determined by nano-DSF). 

The large reduction in the end-to-end distance (16 nm, 25% of the expected distance) 

between the inter-fluorophore distances recorded at pH 7.0 and 6.5 is consistent with this 

prediction. The end-to-end distances recorded at pH 6.5 were obtained from just one 

imaging sample. This observation should be confirmed by repeating this experiment to 

obtain inter-fluorophore distances from independent samples prepared and imaged on 

different days. It should be noted that electrostatic immobilisation of the D0118_2A488 

construct allows for conformational equilibration on the imaging surface rather than 

kinetic trapping of the solution conformations476. A further reduction in the surface charge 

of the protein construct will facilitate this equilibration process, thus the conformation of 

the surface immobilised protein may be more dynamic at pH 6.5 compared to pH 7.0. 

6.1.5.3 Comparison of the end-to-end distances  

The end-to-end distances of recombinant protein constructs from the DRESS region from 

SasC were estimated using complementary biophysical techniques (Figure 6.4A) and 

compared with predictions of the end-to-end distance of the repetitive region of SasG 

(Figure 6.4B). SAXS and SHRImP-TIRF measurements on the entire repetitive region of SasC 

are both expected to represent the solution state well; the predicted end-to-end distances 

are in close agreement (Figure 6.4A). 
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The end-to-end distances predicted by X-ray crystallography were the longest. The number 

of repetitive domains from which the predicted end-to-end distance was determined, was 

the lowest for this technique, making it prone to a larger error. Furthermore, DRESS SAXS 

data was recorded at pH 7.5, while the crystal structure was determined at pH 4.9. This 

may affect the inter-domain distances and the overall length of the repetitive region. A 

significant pH-dependent decrease in the end-to-end distance as measured by SHRImP-

TIRF has already been observed. Finally, inter-domain distances in a crystal lattice are not 

necessarily identical in solution conditions477,478. Therefore, X-ray and SAXS data 

complement each other and provide structural information on different resolutions479. 

A. 

 

B. 

 

Figure 6.4: Observed and predicted end-to-end distances of repetitive regions from A. 
SasC and B. SasG. Structures of repetitive regions are drawn to relative size. Arrows represent 
measured part of a repetitive region. Size in italics represents predicted, extended, entire end-
to-end distance. Ribbon model images were created with CCP4mg. A. Models of the DRESS 
region from SasC. The SHRImP-TIRF model is shown at pH 7.0. The full SAXS structure was 
modelled using the AllosMod-FOxS server359,422 and the distance of the four-domain model 
originates from the ab initio modelling of D16,D1617,D17. B. Schematic and X-ray model of the 
repetitive E-G5 region from SasG based on data in Gruzska et al. (2012)a,59 and Gruzska et al. 
(2015)b,57. 

6.1.5.4 SasC, an elongated stalk on the surface of S. aureus  

The repetitive regions of SasC and SasG are both highly extended and display limited 

conformational flexibility. The end-to-end distance of the B region in SasG with nine B 

repeats is estimated to be ~10 nm longer than the DRESS region. The diameter of an S. 

aureus cell measures approximately 1.2 μm480,481 and its cell wall is approximately 20-40 

nm thick90,92. The PG layer is constantly remodelled94,95, where the most outer layers are 
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degraded and new layers are thought to be formed closest to the cell membrane96,97, 

although this is subject to debate482.  

The expression of CWA proteins is different in different environmental conditions99,100 and 

strain types101; and might occur at any time during bacterial growth. Their extended nature 

(SasG57, Ebh58, SdrD66, ClfB102, Cna103, Bap104) might ensure that they can protrude through 

the pores in the PG layer; even if they are attached closest to the cell membrane. Other 

components on the cell wall are WTAs and LTA, which are embedded in the PG layer or the 

phospholipid cell membrane, respectively. They are negatively charged and have a flexible 

nature483. The length of LTA is estimated to be <20 nm, suggesting that they might remain 

buried in the PG layer484. The length of WTA is estimated to be 40485,486-60487 repeating 

units of ribitol 5-phosphate and is expected to reach well beyond the PG layer487. The 

coverage of WTA molecules on the surface of S. aureus is estimated to be one WTA unit 

per nine molecules of the PG disaccharide GncNAc-MurNAc487, however this is subject to 

strain variation485. 

Previously, experimental evidence was provided for SasG that showed that five B 

repeats158, estimated to be 51 nm using the reported crystal structure for B repeats from 

the repetitive region of SasG59,57, were required to mediate biofilm accumulation158. 

Corrigan et al. (2007)158 showed by EM that SasG fibres with an estimated repetitive region 

length of 88 nm57 were highly extended on the surface of a S. aureus cell (Figure 6.5C). 

Comparing the predicted length of WTA, the predicted length of SasC and SasG, and 

considering the potential attachment sites in the cell wall structure (Figure 6.5A, B), it is 

likely that the A regions of SasC and SasG will easily be projected out of the PG layer and 

might also be projected away further than WTAs (Figure 6.5A). As a comparison, the A 

region of SasG comprising five B repeats would only be available if it were attached to the 

most outer PG layer (image not shown). For SasC, the B region always comprises eighteen 

DRESS domains (see section 4.3.1) and is thus expected to always project its A region 

further than WTAs. 
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A. B. C. 

 

 
 

Figure 6.5: Length comparison of SasC, SasG, WTA and LTA on an S. aureus cell. Relative lengths 
drawn to scale. A. Scaled for the relative comparison of components on the S. aureus cell. Orange: A 
region of CWA proteins; grey: PG anchoring region of CWA proteins. S. aureus cell, from left to right: 
PG, cell membrane and cytosol. B. Scaled for relative comparison with an S. aureus cell. C. Negative 
stain image of S. aureus cell over-producing SasG labelled with antibodies against the SasG A region. 
Reproduced from Corrigan et al. (2007)158. Scale bar represents 100 nm. 

6.1.6 Mechanical strength of DRESS domains 

6.1.6.1 Comparison of mechanical strength of DRESS domains with other α-helical 

domains 

Generally, multi-domain proteins containing α-helical domains are expected to be 

mechanically weak due to the alignment of hydrogen bonds that stabilise the secondary 

structure with the direction of the force342,488. Here, the F of DRESS domains is determined 

to be 109 pN ± 40 pN at a constant unfolding speed of 1500 nm/s (from a single dataset, 

more datasets recorded, see section 4.3.8.2). The F at lower constant unfolding speeds is 

analysed but not yet determined. The F of other tandem α-helical domains is lower than is 

observed for DRESS domains. For example, spectrin is a structural component of 

erythrocytes and contributes to their mechanical stability. Spectrins exist in head-to-tail 

organised triple helical bundles, which are connected by contiguous helices (Figure 6.6A). 

They unfold at 25-35 pN at a constant applied pulling speed of 800 nm/s per single or 

tandem domain342. Cooperative unfolding of tandem spectrin domains under force was 

suggested by Rief (1999)342 and others489,490, but Randles et al. (2007)426 claim that 

cooperative unfolding only happens in thermal or chemical denaturation. 

Talin is a structural adaptor protein with a mechano-sensitive function (Figure 6.6C). Talin 

domains are in a head-to-tail conformation and unfold at 5-25 pN. Cooperative unfolding 

has been observed for repeat 8, which is protected from force by repeat 7. Upon 

mechanical unfolding of repeat 7, the more mechanically compliant repeat 8 unfolds in a 

cooperative manner, leading to an increase in ΔL of approximately two talin domains423. 

Cell wall thickness: 20-40 nm

Diameter of S aureus cell: ~600 nm

Thickness of cell membrane: thin

Length of SasC rep reg: 77 nm 

Length of SasG rep reg: 88 nm

Cell 100.97 cm = 1200 nm

→ 1 nm = 0.094 cm

→ 77 nm = 6.48 cm

→ 88 nm = 7.4 nm

→ 20 nm = 1.88

→ 30 nm = 2.82

→ 40 nm = 3.76 cm

→ 50 nm = 4.7
LTA

WTA (30-50 nm)

SasG

SasC

20 nm

SasC

SasG

WTA
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ANK repeats comprise two anti-parallel α-helices present as side-by-side stacked tandem 

repeats in cytoskeletal adaptor proteins491 (Figure 6.6B). They feature an extensive 

hydrophobic interface and hydrogen bonding network between repeats, which contributes 

to these repeats stacking to form a full helical turn for every 24 repeats, possessing a 

spring-like function492 and refolding rapidly after mechanical unfolding425. Their F is ~50 pN 

at a constant applied pulling speed of 400 nm/s. Both cooperative and individual domain 

unfolding can be observed within a single force-extension curve427. 

β-catenin performs a mechano-transduction function in managing cell-to-cell and cell-to-

extracellular matrix adhesion493. It contains twelve tandem armadillo repeats, comprising 

three α-helices that stack side-by-side (Figure 6.6D). They display a multimodal ΔL 

distribution with a monomodal force distribution upon mechanical unfolding, suggestive 

of multiple unfolding pathways, which may include cooperative transitions. The average 

unfolding force is 44 pN493.  

A. B. 

 
 

C. D. 

 

 

Figure 6.6: Crystal structure from tandem α-helical repeats blended from N to C in 
blue to green. A. spectrin (PDB 1hc1)379; B. ANK (PDB 1n11)491; C. talin (PDB 3dyj)461; D. 
armadillo (PDB 2z6h)493. Image was created using CCP4mg. 

Spectrin and talin contain α-helical domains in a head-to-tail conformation, like DRESS 

domains. On the contrary, α-helical ANK and armadillo repeats stack side-by-side. Head-

to-tail organised tandem domains have hydrogen bonds in α-helices aligned to the 

unfolding force, while the hydrogen bonds in α-helices of side-by-side organised tandem 

domains are approximately perpendicular to the externally applied force. This comparison 

suggests that head-to-tail organised domains tend to have a lower mechanical unfolding 

force than side-by-side organised domains, partly due to the relative orientation of the 

hydrogen bonding, among other inter-domain stabilising forces, such as hydrophobic 
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packing between large interfaces. Thus, with an average unfolding force of 109 pN ± 40 pN 

at 1500 nm/s as determined from a single dataset, DRESS domains are among the most 

mechanically strong α-helical tandem head-to-tail organised domains, to be reported. 

6.1.6.2 Refolding of DRESS domains under mechanical load 

Other tandem α-helical domains from repetitive protein regions have varying abilities to 

refold after the relaxation of an applied mechanical load. In armadillo repeats, sub-sections 

of individual domains were observed to fluctuate between a folded and unfolded state 

during unfolding and refolding cycles425. This is thought to represent refolding 

intermediates and transient folding/unfolding events, which allow the protein to fine-tune 

its length and tension in response to a mechanical load. In contrast, talin domains unfold 

and refold with a characteristic jump in ΔL corresponding to an entire domain423, as does 

ANK425. For spectrin, refolding has only been shown qualitatively342.  

Here, refolding of a DRESS domains occurs within a second as an apparently single 

transition after relaxation of the applied mechanical load, as observed for spectrin and 

armadillo repeats. However, sub-sections of a DRESS domain can also refold under 

constant applied force. These observations might imply multiple unfolding/refolding 

pathways, with some transitions influenced by the stabilising effect from an adjacent, 

folded domain. A similar mixed unfolding/refolding pathway was observed for armadillo 

repeats425.  

6.1.6.3 Multi-domain unfolding 

It is helpful to consider the potential unfolding order of individual domains in a multi-

domain protein. In AFM studies of DRESS domains from SasC, typically six unfolding events 

were observed; of which three were mechanically strong (170 pN; see Figure 6.9) and three 

were mechanically weaker (~100 pN; see Figure 6.9).  

Detailed unfolding studies in proteins have been performed, for example for a single 

domain of titin, as studied by AFM, mutational studies and molecular dynamics 

simulations494. Sequential unfolding pathways of multi-domain proteins have been studied 

to a lesser extent. For phosphoglycerate kinase that consists of two domains, two unfolding 

pathways were detected by AFM and coarse-grained simulations, where unfolding starting 

at the N-terminus encompassed a transient intermediate and unfolding of the C-terminus 
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proceeded without detectable intermediates495. Another interesting example is the 

sequential unfolding of β-helical protein regions in the extracellular part of the bacterial 

protein TpsA496. Using molecular dynamics simulations of mechanical unfolding, they 

observed a sequential unfolding pathway, where the core fold was sequentially unfolded 

from both ends. Sikora and Cieplak (2011)497 discussed mechanical clamps in multi-domain 

proteins with rich contacts between domains, that increased their mechanical stability. 

Among these clamps is the shear between anti-parallel β-sheets497, a clamp that might also 

exist between anti-parallel α-helices. Apart from anti-parallel packing between α-helices, 

no molecular clamp architecture is present in tandem DRESS domains D1617.  

The order in which DRESS domains unfold under mechanical force, is currently unknown. 

Here, the unfolding pathway is speculated to involve sequential domain unfolding, based 

on the previously presented information obtained for DRESS domains. To allow this, the 

following assumptions were made about DRESS domains: that two DRESS domains (with 

one inter-domain interface) bear some mechanical stability, that each DRESS domain 

flanked by multiple rod-like DRESS regions on either side has an identical unfolding force, 

that unfolding of the final domain coincides with detachment from the probe and that the 

eight-domain protein D0310_scc is non-specifically attached to the probe at the far N-

terminus. These assumptions are required498 to propose some sort of unfolding pathway 

in the absence of experiments probing the unfolding trajectory, such as molecular 

dynamics simulations or mechanical unfolding of a protein containing FRET pairs. 

The multi-domain protein D0310_scc comprises eight DRESS domains and is anchored to a 

surface at the C-terminus. The protein is non-specifically picked up by the probe and 

attachment can occur anywhere along the rod, where up to eight unfolding events might 

be observed in the statistically rare event of probe attachment at the far N-terminus. The 

position of the first unfolding event is currently not known. Previous experiments revealed 

that DRESS domains are more thermally stable in longer arrays and mechanical unfolding 

events showed that generally, the first unfolding event was the strongest and the unfolding 

force decreased with the sequential unfolding of the protein (see section 6.1.7.3).  

If mechanical unfolding of DRESS domains occurred via a non-adjacent pathway (Figure 

6.7A) maximally two “strong” unfolding events would take place, before the remaining 

domain pairs would unfold at lower force. In experimental traces, usually more strong 
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unfolding events were observed (Figure 6.9); hence this unfolding pathway is probably not 

correct. 

Another mechanical unfolding pathway could involve sequential domain unfolding. Here, 

the longest, most stable rod would be preserved and might provide a long-range stabilising 

effect to intact DRESS domains. In order to sustain the highest stability via the longest 

multi-domain protein, mechanical unfolding might start at a terminus (Figure 6.7B) and 

work its way sequentially along the length of the rod. This pathway might incorporate up 

to 6 “strong” unfolding events. However, this is in disagreement with the observed number 

of strong unfolding events in Figure 6.9.  

In Figure 6.9, three “strong” unfolding events are followed by weaker unfolding events, 

before the protein detaches from the probe at a typically large force. This might be in best 

agreement with a sequential unfolding trajectory, initiated at a random position in the rod 

(Figure 6.7C). When unfolding starts at domain 3 or 6, three strong unfolding events are 

expected. When unfolding starts at domain 4 or 5, four strong events might be expected 

(not shown).  

Further work might involve tracking the unfolding of individual domains e.g. by 

fluorescence, to further study the mechanical unfolding trajectory of DRESS domains. 

Furthermore, it would be very interesting to mechanically unfold the full DRESS region, 

comprising eighteen DRESS domains. Possibly, more “strong” unfolding events might be 

observed and the force required to unfold the first domain might be even higher. Finally, 

molecular dynamics simulations could reveal further details about the mechanical 

unfolding pathway of DRESS domains.  
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A. 

 
B. 

 
C. 

 
Figure 6.7: Mechanical unfolding pathways and a schematic of a predicted force-
extension curve of DRESS domains. A. Non-adjacent domains unfold first. B. Sequential 
domains unfold from a terminus. C. Sequential domains unfold from random seed. Dashed 
line separates “strong” unfolding events from “weaker” events. 
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6.1.6.4 Forces in biofilms 

Physiological forces in biofilms 

Bacteria are able to form biofilms in environments within the host, where they are subject 

to shear stresses, such as in saliva or in blood. The shear stresses in these environments 

are estimated to be 0.36 pN in saliva and 4.5 pN in blood on a single cell480,481,499. When 

biofilms of S. aureus were grown under flow (4.5-45 pN per cell), their stiffness increased 

threefold compared to growth in a static environment500 and extracellular proteins were 

partly responsible for the integrity of the biofilm, as biofilm growth in the presence of 

proteinase K limited the rigidity of the resulting biofilm500. On the contrary, biofilm growth 

in the presence of DNAse did not have an effect on the rigidity of the mature biofilm, 

suggesting that CWA and secreted proteins play a key role500, although it is unclear what 

the contribution of extracellular DNA is in biofilms that have been grown for 5-6 hours501. 

Mechanical strength of biofilm-mediating proteins 

Proteins that are regularly exposed to mechanical tension, typically display topological 

solutions to resist this force502. CWA proteins on the surface of S. aureus are exposed to a 

variety of forces in different environments. S. aureus can initiate infections on wound 

tissue via adherence to collagen, employing Cna503,504. This interaction has a F of ~1200 pN 

and is complemented by the stiff spring-like properties of the B repeats, which are 

mechanically resilient and function as a stalk for the Cna A domains503. Infections on in-

dwelling medical devices can also be initiated by SdrC. An S. aureus cell over-producing 

SdrC adheres to plastic surfaces with a force of >5000 pN through unfolding of multiple 

SdrC molecules to expose hydrophobic patches147. In comparison with the expected 

physiological forces exerted by shear stresses on single cells, the mechanical stability of a 

single copy of Cna or SdrC would be more than sufficient to ensure secure attachment in 

these conditions. 

 Interactions between cells can be promoted through the homophilic association of B 

regions of SasG on opposing cells in the presence of Zn2+, which is hypothesised to 

smoothen exposed WTA, thereby exposing the B regions of SasG61. The F of specific 

homophilic interactions between B regions of SasG on the surface of an S. aureus cell is 

~414 pN61. Determination of the F for individual domains within the repetitive region of 

SasG revealed that mechanically strong G5 domains (421 pN) are ‘protected’ from 
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unfolding by a force buffer, provided by mechanically weaker E domains (250 pN)57. This 

mechanism involves non-cooperative unfolding of domains in the repetitive region, 

allowing SasG to tune its length and flexibility to the local environmental conditions. SdrC 

also mediates weak cell-cell adhesion through homophilic interactions, which yield under 

forces of ~40 pN and strengthen over time to ~280 pN by the formation of multiple parallel 

interactions. The forces involved in cell-cell interactions seem to be weaker than forces 

that are putatively responsible for surface attachment; nevertheless, the F of cell-cell 

interactions is estimated to be <10 times stronger than the estimated shear force on a 

single cell in blood. 

The mechanical force required to unfold DRESS domains is ~109 pN ± 40 pN at 1500 nm/s 

(analysed from a single dataset), much weaker than the forces observed for proteins 

involved in initial adherence to other cells or surfaces, such as Cna or SdrC. Rather, this 

force is of the same order of magnitude as the pairwise homophilic interactions between 

SdrC molecules on opposing cells in cell-cell interactions, important in the accumulation 

phase of biofilm formation. This might suggest that SasC contributes more to biofilm 

accumulation than to biofilm formation, which would be in agreement with functional 

studies on SasC by Schroeder et al. (2009)111. However, currently this hypothesis is 

speculative and further work is required to test it experimentally. For a persistent pathogen 

such as S. aureus, it is advantageous to retain redundant means to achieve biofilm 

formation in order to succeed in many niche-specific environmental conditions174, 

including those in which stronger shear forces might be present. 

6.1.7 The DRESS domain interface mediates stability and cooperativity  

6.1.7.1 Cooperativity in DRESS domains 

DRESS domains D16 and D17 bury a large percentage of their surface area in inter-domain 

interfaces with adjacent DRESS domains (see Table 3.5). Furthermore, the presence of an 

inter-domain interface significantly increases the thermal stability of adjacent DRESS 

domains, as shown from the large difference in Tm between single and tandem DRESS 

domains (see section 3.3.7), and from the steric and electrostatic disruption of the tandem 

domain interface (see Figure 3.26). 

The presence of a two-state sigmoidal unfolding transition for tandem DRESS domains 

implies energetic coupling of structural elements, referred to as cooperativity505. 
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Cooperativity is observed in domains with short rigid linkers or connecting elements of 

secondary structure. For example, spectrin domains are connected tightly by contiguous 

helices472 and unfold cooperatively in a single transition, as shown by thermal 

denaturation, urea denaturation205 and putatively426 by AFM490,506. Another example is the 

cooperativity of the repetitive region of SasG, where the interfaces between G5 and E 

domains mediate the stability of the entire repetitive region, resulting in a single thermal 

unfolding transition57. On the other hand, triple-helical domains in SpA are connected by a 

long and flexible linker; this decouples the cooperative unfolding of adjacent domains56. 

Here, cooperativity within the DRESS region is proposed to be mediated by the domain 

interfaces. This is probed in thermal and mechanical assays. In the future, this might be 

extended to interpret the association of DRESS domains into a rod-like structure using the 

1D Ising model507.  

6.1.7.2 Thermal stability of DRESS domains 

The thermal stability of DRESS domains was probed by CD and nano-DSF (see section 3.3.7). 

The Tm increases with the number of DRESS domains up to a length of 4-8 domains, after 

which the Tm as determined from nano-DSF remains approximately constant up to 

eighteen domains (Figure 6.8). This supports a medium-range cooperativity effect.  

 

Figure 6.8: Thermal stability by nano-DSF and CD as a function of the number of DRESS domains 
in the protein construct (see section 3.3.7). Tm values measured by nano-DSF were determined in 
duplicate in 20 mM Tris, 150 mM NaCl, pH 7.5 at 1 mg/mL protein; except D0310_scc, which was in 20 
mM Tris, 150 mM NaCl, 1 mM TCEP, pH 7.5. All Tm values measured by CD were determined in 20 mM 
sodium phosphate at 0.2 mg/mL protein, except D1417 which was determined on a mixture of oligomeric 
and monomeric recombinant protein (see section 4.3.3). The pH was adjusted to the most stable pH of 
each construct, as determined from CD measurements. D17 and D1617 were measured at pH 5.5 (see 

Figure 3.15), D0710 at pH 4.9 and D1417 at pH 4.6. 

Between the two different techniques, an additional thermal denaturation transition was 

observed by CD for D1417. This could have been due to the mixture of oligomeric and 
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monomeric protein; however, the Tm measured by nano-DSF was identical for these 

fractions (see Figure 4.10). Another possibility would be that domains 14 and 15 unfold 

separately from domains 16 and 17, as nano-DSF can only detect the unfolding transition 

of domains 16 and 17 due to the absence of tyrosine residues in domains 14 and 15. If 

correct, this would be in disagreement with the observed cooperative thermal unfolding 

transitions for other constructs containing multiple DRESS domains. For D0710, a higher 

Tm was detected by CD and in both techniques, a single transition was detected, with the 

note that the unfolding transition detected for D0710 by CD was broader than for D1617 

(see Figure 4.10). This might suggest that the tyrosine residue in DRESS domain 8 is exposed 

to solvent prior to the loss of α-helical secondary structure. This is in agreement with the 

partly solvent exposed orientation of equivalent residues Ala1824 and Phe1901 in the 

crystal structure of D1617. For the two four-domain recombinant DRESS constructs, quite 

different Tm values were obtained. This might suggest a different thermal stability across 

the DRESS region. More experiments are required to follow this up. 

6.1.7.3 Mechanical stability of DRESS domains 

An inverse trend was observed between the number of DRESS domains unfolded and the 

force required to unfold the next DRESS domain (Figure 6.9). Thus, DRESS domains benefit 

from a long-range stabilising effect on their mechanical stability. Yet, they unfold 

independently via a non-cooperative pathway, as observed for individual unfolding events 

(and the occasional tandem domain unfolding event).  
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Figure 6.9: Mechanical stability as a function of the number of unfolding events (n). Unfolding events 
were automatically recognised from traces using a custom algorithm (courtesy of William Rochira) and a 
WLC model was fit to traces with six to ten unfolding events, excluding the first and last event. Unfolding 
events were grouped to sequential number and the mean and SD are presented. Here, data was analysed 
from traces recorded at 1500 nm/s. *: p < 0.05. **: p < 0.01. Data analysis was kindly performed by William 

Rochira. 

The long-range mechanical stabilising effect yields an inverse force-extension curve 

relative to what is usually observed. Typically, weaker domains unfold first, followed by the 

mechanically stronger domains. An example is the selective unfolding of mechanically 

weaker E-domains, before the unfolding of stronger G5 domains in the repetitive region of 

SasG57. This independence between location in a multi-domain protein and the unfolding 

force of a domain is exploited in the use of titin as a molecular ruler508. Here however, it is 

hypothesised that all eight DRESS domains are equally strong when all domains are in the 

folded state. The force required to unfold the ‘first’ DRESS domain is the highest. Currently, 

the ‘first’ is defined as a random location in the rod (see section 6.1.6.3), but future 

experiments involving fluorescent labels may be able to determine which domain unfolds 

first. 

6.1.8 Cooperativity of the DRESS region and the Ising model  

The folding pathway of linear, tandemly arrayed domains, such as ANK repeats215 and TPR 

repeats213 (see section 1.5.4) can be interpreted using the 1D Ising model507, or nearest-

neighbour model214. Here, distant repeats do not interact, yet the tandemly arrayed 

domains as a whole show increased stability, where a partially unfolded state may occur 

during unfolding. 

ANK repeats are, among other proteins, present in the Notch receptor of Drosophila and 

are responsible for signal transduction509. Although their sequence conservation is low 
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with 17%, their structural similarity is high with an average Cα  RMSD of 0.17 Å509. Tandemly 

arrayed ANK domains bury 27% (750 Å2) of their ASA in hydrophobic inter-domain 

interfaces (determined by PISA338 on PDB entry 1n11, repeats 15-16)509 and their unfolding 

pathway is highly cooperative510, yielding a rigid overall tertiary structure for the full ANK 

region215. Individual domains were intrinsically unstable, but the favourable interfacial 

energy compensated for the energetic cost of folding215. Thus, the nearest-neighbour 

model accounted for the observed cooperativity between distant ANK domains215. Another 

well-described example where local interactions contribute to long-range stability, is in 

TPR repeats220. 

DRESS domains are 77 residues in size, larger than other tandemly arrayed domains511. The 

sequence conservation is around 29%, close to the 25% observed for other domains in 

repetitive regions512 and well below the reported cut-off of 40% to avoid aggregation196; 

and they are structurally very similar with a backbone RMSD of 1.1 Å.  DRESS domains bury 

~10% of their ASA, or ~500 Å2, in inter-domain interfaces, which is a relatively large 

proportion compared to other head-to-tail organised, tandemly arrayed helical bundles 

(see Table 3.5). They unfold cooperatively in thermal denaturation (see Figure 3.15) and 

independently when unfolding by mechanical force (see Figure 4.19). However, the force 

required to unfold DRESS domains decreases with the number of unfolding events, 

suggesting the presence of long-range stabilising contributions (see Figure 6.9). The inter-

domain interface is essential for domain stability, as a single electrostatic and steric 

mutation in the interface completely disrupts the stabilising effect on tandem DRESS 

domains (see Figure 3.26) and the DRESS region is elongated and rigid in solution (see 

sections 4.3.6 and 4.3.7). Based on the structural and biophysical information presented in 

this thesis, it is proposed that individual DRESS domains in the repetitive DRESS region of 

SasC behave according to a 1D Ising model, where inter-domain interfaces stabilise both 

adjacent and non-adjacent DRESS domains, leading to the formation of a rigid, extended, 

tandemly arrayed, multi-domain rod. This hypothesis is currently under study in 

collaboration with Prof Doug Barrick and Mark Petersen at John Hopkins University. 
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6.2 Discussion for the dynamics of SHIRT domains 

6.2.1 Choice of mutation 

The effect of proline residues in the linker between SHIRT domains was assessed via 

proline-to-alanine mutations. These yield a linker sequence of three alanine residues 

between SHIRT domains. Literature research was carried out to ensure that a triple-alanine 

sequence did not generate any unfavourable effects. While sequences containing over 11 

alanine residues have a decreased flexibility due to rigidity in the chain444, no such effect 

has been observed for 3 alanine residues444,513. Furthermore, George and Heringa (2003)439 

analysed a larger dataset and noted that alanine residues were less favoured in non-helical 

linkers, but there was a slight preference for alanine over other amino acids in three-

residue linkers. Thus, it is expected that the inclusion of the amino acid sequence Ala-Ala-

Ala does not reduce flexibility and the effects can be attributed to the loss of proline 

residues.   

6.2.2 The interface between SHIRT domains 

The crystal structure of S0304 (courtesy of Dr F. Whelan) showed that the size of the 

interface is very small with 85 Å2 per SHIRT domain (see Table 3.5). This is confirmed by 

thermal denaturation studies and solution studies by NMR. The Tm of tandem SHIRT 

domains was only 0.5 °C higher than that of a single SHIRT domain (see section 5.3.3). The 

(1H,15N)-HSQC-spectrum of S0304 showed only few non-overlapping resonances (5.3.4); 

indicating that the chemical environment of only a few residues was changed by the 

introduction of another domain. 

Generally, multi-domain proteins with small inter-domain interfaces tend to contain 

domains that are thermodynamically decoupled, have longer linkers and behave according 

to the beads-on-a-string architecture196. For example, such behaviour was reported for the 

tandem repeats of titin204. Although they have short linker sequences, they display minimal 

inter-domain interactions204 with some bending and twisting along the extended 

conformation203. SHIRT domains also have shorter linkers and are expected to have a 

thermodynamically decoupled stability of domains, as observed from the minimal increase 

in thermal stability between S03 and S0304. 
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6.2.3 Flexibility of backbone amides in SHIRT domains 

The flexibility of backbone amide resonances as determined from the (1H, 15N)-hnNOE 

ratios in a single SHIRT domain was very minimal and only displayed one loop with 

marginally increased flexibility between strands three and four (see section 5.3.8). The 

relaxation properties of backbone amide resonances putatively assigned to the linker 

residues between the tandem SHIRT domains S0304 and S0304P_704A,P706A indicate that 

mutation of proline residues to alanine increases the flexibility of the linker on the ps-ns 

timescale. This is in agreement with the structural rigidity that is provided by proline 

residues439. 

In order to separate the putatively anisotropic global correlation time from the 

intramolecular motions, model-free analysis could be performed. This might provide 

further in-depth information on the relaxation properties of backbone amide residues on 

different timescales514,515. 

6.2.4 Comparison of relaxation parameters with other proteins 

The relaxation properties of tandem SHIRT domains presented in chapter 5 suggest limited 

flexibility of the linker region between SHIRT domains. This approach is common in 

studying relaxation parameters of multi-domain proteins. 

Barbato et al. (1992)296 showed that the central helix between the N- and C-terminal 

domains of calmodulin bears flexibility based on the (1H, 15N)-hnNOE ratios of the linker 

residues. Furthermore, calmodulin domains rotate independent of each other, as observed 

from the two standard deviation difference in τC between calmodulin domains.  

The amino-terminal fragment (ATF) of urokinase-type plasminogen activator (u-PA) 

contains a kringle domain (larger MW) and a growth factor (GF, smaller MW) domain. The 

GF domain was best modelled using anisotropic analysis, while the kringle domain was best 

modelled using isotropic analysis516. This fits with the solution structure of the domains, 

where the GF domain is highly anisotropic and the kringle domain is more globular517. 

Despite the independent motions between the beads-on-a-string domains, the amides in 

the linker region did not show decreased (1H, 15N)-hnNOE ratio or a lower order parameter 

in model-free analysis514. 
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The large difference in individual correlation times between Src homology (SH) 3 and SH2 

domains in FynSH32 suggests independent inter-domain motions. This is partly supported 

by a low (1H, 15N)-hnNOE ratio for the backbone amide of Ile144, located in the linker 

between SH3 and SH2 domains. Two residues following Ile144 have (1H, 15N)-hnNOE ratios 

above 0.5 and form a short 310 helix, maintaining the relative orientations of SH3 and SH2 

domains453.  

Finally, the relative mobility between Vaccinia virus complement control protein (VCP) 

modules was studied by Henderson et al. (2001)518. The average (1H, 15N)-hnNOE ratios and 

the 15N T1 and T2 relaxation constants are different for VCP modules 2 and 3. Furthermore, 

the backbone (1H, 15N)-hnNOE ratios of the linker residues between VCP 2 and 3 remain 

above 0.5 and decrease gradually from module 2 to module 3. The MW of VCP2 is larger 

than that of VCP3 and the additional residues form a more elongated structure, explaining 

the observed difference in relaxation parameters. The limited flexibility of the linker 

residues was supported by the observation of NOE correlations between nuclei in the 

linker with both adjacent VCP domains.  

The τC of the individual and tandem domains described above are shown in Table 6.3. 

Furthermore, the τC of each tandem domain is estimated from the MW according to 

Equation 6.1295. Generally, the τC values of individual domains approach more closely the 

estimated τC of the tandem domain when the linker is rigid, because the rotation of 

domains is tightly linked. This effect is supplemented by the more anisotropic shape of 

multi-domain proteins with rigid linkers. 

Equation 6.1: Estimation of rotational correlation time295.  

𝜏𝐶 ≈ 0.6 ∗ 𝑀𝑊 

In this chapter, the hypothesised rigidity in the linker between SHIRT domains was 

assessed. Similarly as for the linker between tandem SHIRT domains, high (1H, 15N)-hnNOE 

ratios were observed for residues between the kringle and GF domain in the ATF fragment 

of u-PA516, between VCP domains 2 and 3518 and partly between FynSH32 domains453. Thus, 

a less flexible linker region between tandem domains is not very uncommon. 
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Table 6.3: Isotropic and anisotropic correlation times for multi-domain proteins with rigid or flexible linkers. Relaxation obtained from 1H, 15N resonances. 
aRotational correlation time was estimated from the MW, assuming a globular protein295. cThe rotational correlation time of these multi-domain proteins was calculated 
from the weighted average from the appropriate τC from the individual domains and their number of residues. dValues from Table 5.5. 

Protein 
 
 

 MW (kDa) 
 
 

τC (ns) aτC (ns) 

estimated 

 
Linker nature 

 
No. linker res. 
 

Reference 
  Isotropic Anisotropic 

Calmodulin   Total 16.7 c6.7  10.0 Flexible 6 296 
 N 7.4 7.2 ± 0.4  4.47    
 C 8.4 6.2 ± 0.5  5.01    

ATF Total 15.0 c7.7  9.0 Rigid 4 516 

 
Kringle 9.7 

 
7.3 ± 0.2 
 

 5.8 Isotropic behaviour 
 

 GF 4.6  10.5 (τ1), 7.0 (τ2) 2.7 Anisotropic behaviour  

FynSH3-
SH2 

Total 19.1 c9.4  11.5 Flexible, while 
maintaining a 
relative domain 
orientation 

10 453 
SH3 7.0 8.8 ± 0.1  4.2   

 
SH2 11.4 

 
9.7 ± 0.2  6.8  

 

VCP2-3 Total 12.8 c7.1  7.7 Fairly rigid 4 518 
 VCP2 6.2  7.9 ± 0.3 3.7 Ax symmetric model was best  
 VCP3 6.1 6.6 ± 0.3  3.6 Isotropic model was best  

S03  9.7 5.8 ± 0.1  5.8 N/A N/A N/A 

S0304 Total 19.0 c,d11.8  11.4 Rigid 3 N/A 
 S03 9.6 d11.8 ± 0.3  5.9    
 S04 9.2 d12.2 ± 0.3  5.5    

S0304_ 
P704A, 
P706A 

Total 18.9 c10.6  11.4 More flexible 
than S0304 

3 N/A 
S03 9.6 d10.4 ± 0.2  5.7   
S04 9.1 d10.8 ± 0.2  5.5    
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6.2.5 Towards resolving spectral overlap 

Due to the high spectral overlap between S03 and S0304, only 15 out of 157 backbone 

amide resonances can be putatively assigned. If resonances were non-overlapped, more 

information might be extracted about the backbone dynamics within SHIRT domains. This 

section discusses ways in which the observed high spectral overlap can be circumvented. 

The most straightforward option would be to select SHIRT domains with the lowest 

sequence identity. That way, more resonances will be in non-identical positions, despite 

the overall fold likely being very similar. SHIRT domains 1 and 10/11 (these are identical) 

are the most different with 73% sequence identity.  However, production of tandem SHIRT 

domains comprising domains 1 and 10 leads to the formation of a non-native interface, 

which is undesirable as it might not represent the native state211. Adjacent SHIRT domains 

with the lowest sequence identity are domains 1 and 2 (83% sequence identity) and 12-13 

(88% sequence identity), however ‘capped’ terminal domains 1 and 13 are no suitable 

representatives of the repetitive region, because of their domains make contacts with 

other parts than repetitive domains214. Thus, this is not a good option to reduce the 

spectral overlap in tandem SHIRT domains. 

Mutation of key residues in one SHIRT domain of a tandem protein construct resolves 

spectral overlap well (data courtesy of Dr Michael Plevin).  For example, this has been 

shown for mutation of Val643, a key residue in forming the stabilising core of SHIRT 

domains (Figure 6.10C), into Ala (Figure 6.10A) or Thr (Figure 6.10B). Resonances affected 

by the mutation do not overlap with those of the wild type (Figure 6.10, Glu642), while 

other resonances overlap (Tyr624). If a mutation were found, where the (thermal, 

chemical) stability of SHIRT domains is very marginally affected by the mutation; then this 

approach might be fruitful in resolving spectral overlap. 

  



255 
 

A. B. 

  

C. D. 

  

Figure 6.10: (1H,15N)-HSQC spectra of S03 (black) with mutations of Val643. NMR data courtesy of 
Dr M. Plevin. A. S03_V643A (green). B. S03_V643T (magenta). C. Position of V643 in the S0304 crystal 
structure (courtesy of Dr F. Whelan). Image was created using CCP4mg. D. Zoom of non-overlapping 
residue, Glu642, and overlapping residue, Tyr624 of S03 (black), S03_V643A (green), S03_V643T 
(magenta).  

Another approach, which resolves spectral overlap and does not introduce destabilising 

mutations within domains, is segmental labelling519. Here, two domains are produced 

separately, where the desired domain can be isotopically labelled. Following purification, 

the domains are ligated to form the tandem domain structure. A disadvantage might 

involve any additional residues introduced due to the ligation method, such as native 

chemical ligation (NCL), where a C-terminal thioester and an N-terminal cysteine residue 

are ligated to form a connecting cysteine residue520. This ligation technique is not useful 

here, where the linker residues are of key interest. 

Thus, the putative assignment strategy presented in section 5.3.6 is one of the strategies, 

in line with those discussed above, to perform biophysical characterisation by NMR of 

highly identical tandemly arrayed repeats. 
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6.3 Conclusions 

6.3.1 Background 

S. aureus and S. gordonii are opportunistic Gram-positive bacteria that can mediate biofilm 

formation via multiple redundant mechanisms8, including via adhesion to in-dwelling 

medical devices or damaged tissue using CWA proteins21,30. Furthermore, they have 

mechanisms, including CWA proteins, for cell-cell aggregation into a mature biofilm19,30. 

Bacteria organised into a biofilm pose a threat for healthcare12,13, because of their 

increased antibiotic resistance138; for example, they can cause infective endocarditis, with 

a mortality rate of approximately 30%6. CWA proteins bear a structurally similar domain 

architecture29, where the B region is often hypothesised or shown to form an elongated, 

rigid rod29,30,57,58. In this thesis, parts of the B regions of two CWA proteins are structurally 

and biophysically characterised.  

Prior to this work, SasC was identified as a prevalent CWA protein of S. aureus involved in 

predominantly cell-cell interactions111 and its B region comprises DUF1542 repeats, 

although the structure and function of this region in SasC remained uncharacterised. 

Another B region containing DUF1542 domains formed an elongated structure with kinks, 

as determined by EM228. A CWA protein from S. gordonii, SGO0707, is important in the 

formation of dental plaque and adherence to type I collagen231. Its B region comprises high-

identity tandem repeats, of which the crystal structure was determined recently by Dr 

Fiona Whelan (F. Whelan et al., manuscript in preparation). Tandem SHIRT domains 

formed a highly extended, rigid rod, despite the absence of a clear interface between 

domains.  

6.3.2 Structural and biophysical characterisation of parts of the B 

region of SasC 

The domain boundaries of the repetitive units in the B region of SasC, DUF1542 repeats, 

were redefined in silico and the resulting domains were characterised biophysically, 

allowing us to rename DUF1542 as DRESS domains. The crystal structure of tandem DRESS 

domains was determined and consisted of head-to-tail organised, rod-like, tandemly 

arrayed triple-helical bundles, which confirmed the redefinition of the domain boundaries 

and revealed a highly connected inter-domain interface. The importance of this interface 

for tandem domain stability was highlighted by biophysical characterisation and 
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mutational studies and the inter-domain interface mediated cooperative thermal 

unfolding behaviour. Extension to four, eight and the physiological length of the B region 

of SasC, eighteen tandemly arrayed DRESS domains, revealed a highly extended and rigid 

repetitive region as determined from solution and surface studies.  

At ~109 pN on average (determined from a single dataset), DRESS domains are currently 

among the most mechanically stable α-helical folds342,423,492,493 and DRESS domains were 

shown to refold. This opens up the possibility for the B region of SasC to function as a 

spring, together with the high twist-intermediate tilt angle between two DRESS domains 

that was observed in the crystal structure. The mechanical unfolding pathway was non-

cooperative, yet the observed force for unfolding events decreased sequentially with an 

increasing number of events. This mechanical long-range stability and the observed 

thermal long-range stabilisation are likely mediated by the inter-domain interfaces, which 

form a highly connected, rigid, strong rod-like region. This may enable the display of the 

putatively functional N-terminal region of SasC on its elongated, rigid stalk containing 

DRESS domains. The predicted total length of the B region of SasC was comparable to the 

length of the B region of SasG57, however for SasC, the observed extension and rigidity of 

the stalk is constructed solely from mechanically weak α-helices, rather than the 

mechanically stronger β-sheets, present in the B region of SasG. This makes SasC a so far 

unique member of the extracellular proteome of S. aureus.  

6.3.3 Characterisation of the flexibility of SHIRT domains and their 

connecting linker 

The flexibility of SHIRT domains S03 and S04 and their linker region, Pro704-Ala705-

Pro706, was studied by 15N backbone dynamics to determine if the proline residues in the 

linker were responsible for the tandem domain elongation observed in the crystal 

structure. To this end, proline residues were mutated to alanine residues and the backbone 

amide resonances of domain S03 were assigned by triple-resonance assignment 

procedures. In S0304, many of the backbone amide resonances of S04 overlapped with 

S03, as expected; indicating the absence of a highly connected domain interface. After 

mutation of proline residues in the linker to alanine, only two more sets of equivalent 

resonances became putatively non-overlapped, indicating that also in absence of proline 

residues in the linker, S03 and S04 did not have a significant domain interface. 
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15N backbone amide dynamics were measured for S03. Remarkably, little flexibility was 

detected in SHIRT domains, with the exception of the remaining non-native N-terminal 

residues from the fusion tag. This highlights that SHIRT domains have a rigid fold and that 

little flexibility is observed, even in most linker regions. 

For the non-overlapping resonances, the putative backbone amide resonance assignments 

of tandem SHIRT domains were inferred from the triple-resonance assignment of S03 and 

the position of the equivalent residues in the crystal structure of S0304. Subsequently, 

their 15N backbone amide dynamics were studied. The (1H, 15N)-hnNOE ratios of resonances 

putatively assigned to the linker region between SHIRT domains were higher in the linker 

featuring proline residues than in the mutated linker sequence, suggesting that the 

presence of proline residues contributes to increased rigidity on the ps-ns timescale, as 

expected. Furthermore, the estimated effective isotropic correlation time of 

S0304_P704A,P706A was smaller than that of S0304, suggesting that removing the proline 

residues from the linker sequence allows tandem SHIRT domains to rotate faster with a 

smaller apparent hydrodynamic radius. Taken together, solution studies of tandem SHIRT 

domains confirmed the lack of an extensive inter-domain interface and the proline residues 

increased the rigidity of the linker region on the ps-ns timescale.  

6.3.4 Concluding remarks 

Based on the structural and biophysical characterisation of DRESS domains from the B 

region of SasC, tandem DRESS domains are proposed to form an elongated, rigid, rod-like 

stalk on the surface of an S. aureus cell able to project the putatively functional N-terminal 

region away from the cell wall, maximising its ability to mediate cell-cell interactions. 

Remarkably, this rigid rod-like structure is composed of three-helix bundles with highly 

connected inter-domain interfaces, rather than the more commonly observed β-sheet-rich 

folds. 

Comparison of backbone amide resonances of single and tandem SHIRT domains revealed 

that the interface between tandem SHIRT domains is marginal in solution, which is in 

agreement with the observed extension in the crystal structure of tandem SHIRT domains. 

The 15N backbone dynamics of SHIRT domains from the B region of SGO0707 revealed that 

this novel fold is nearly deficient of flexibility, even in the linker regions between SHIRT 
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domains, and that the proline residues in the linker are partly responsible for the observed 

rigidity. 

Thus, nature has come up with distinctly different architectures for B regions of CWA 

proteins, that can both lead to extension and rigidity. Mechanically weaker α-helical 

bundles with highly connected inter-domain interfaces form a rod-like, highly extended 

structure; as do mechanically stronger β-sheet-rich folds in absence of such interfaces. 

6.4 Future directions 

6.4.1 DRESS domains of SasC 

This work laid the foundations to allow further, in-depth study of DRESS domains. One 

interesting question awaiting an answer is the study of the thermodynamic stability of 

DRESS domains, which is related to their folding and the association of inter-domain 

interfaces. The observation of significant inter-domain stabilisation by the formation of an 

interface and cooperative thermal denaturation might suggest that the Ising model could 

be applied to the folding and association of DRESS domains. This work is currently ongoing 

in collaboration with Prof Doug Barrick and Mark Peterson (John Hopkins University, USA).  

In this work, a steric and electrostatic disruption of the inter-domain interface showed that 

the interface couples the adjacent DRESS domains together, resulting in an increased 

stability. However, the molecular detail for this interaction is poorly understood. The 

introduction of probing mutations across the interface might reveal which interaction, if 

not multiple, is key for the observed stabilisation. Proposed mutations would be 

Thr1838Ser to study the effect of the van der Waals interaction between Thr1838 and 

Val1946 and Thr1838Val to study the effect of the hydrogen bond between Thr1838 and 

Asn1943. 

Furthermore, the stabilising effect of the inter-domain interface is thought to contribute 

to the rigidity and rod-like behaviour of the DRESS region and possibly, to the remarkable 

mechanical stability. Introducing mutations in positions equivalent to Thr1838 in 

consecutive DRESS repeats might help to understand if the highly connected interface is 

also responsible for the observed extension, rigidity and mechanical stability for constructs 

containing multiple DRESS domains. 
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It would be interesting to extend the number of data points in the Tm vs number of domains 

plot in Figure 6.8 with Tm values for constructs containing different number of DRESS 

domains and for constructs obtained from different parts of the repetitive region. In this 

work, a discrepancy was observed between the Tm values of constructs comprising four 

DRESS domains from the middle (D0710) and C-terminal end (D1417) from the repetitive 

region and between different techniques. Currently, it is unclear if this discrepancy is 

caused by a different intrinsic stability for DRESS domains and if this is linked to their 

position along the rod of SasC. 

The elongated state of an entire, intact DRESS domain-containing region from SasC was 

probed using surface immobilised recombinant protein and super-resolution microscopy. 

Surface immobilisation was accomplished through electrostatic interactions between the 

negatively charged protein and a poly-D-lysine coated quartz slide. For SasG, inter-

fluorophore distances of 53 nm and 69 nm were observed at 20 and 500 µg/mL poly-D-

lysine, respectively57. This suggests that at a lower surface density of poly-D-lysine, more 

conformational equilibration may occur on the imaging surface, leading to an apparent 

shortening of the elongated rod (see section 6.1.5.2). More control experiments have to 

be carried out using different concentrations of poly-D-lysine to determine how this 

phenomenon might affect the observed inter-fluorophore distance.  

Mechanical unfolding experiments were carried out using a construct comprising eight 

DRESS domains. A decreasing unfolding force was observed with an increase in unfolding 

events (see section 4.3.8), suggesting that long-range interactions increase the mechanical 

stability of tandemly arrayed DRESS domains. It would be very interesting to determine the 

F of DRESS domains in a construct containing the physiological number of DRESS domains. 

6.4.2 N-terminal region of SasC 

Expression and display of SasC on the surface of S. aureus has been implicated with an 

increased ability to mediate biofilm accumulation111. However, there is a complete lack in 

structural and functional understanding of the N-terminal domain(s) of SasC. Based on 

preliminary in silico analyses reported in section 3.3.1.1, it is proposed in this work that the 

N-terminal region of SasC comprises three domains/regions and with these, might mediate 

adhesion to different moieties. A good starting point might be the recombinant gene 

expression and protein production and purification of SasC_241-550, as this was predicted 
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to show structural homology to the collagen-binding N-terminal regions of CWA proteins 

Cna from S. aureus and ACE from E. faecalis (see section 3.3.1.1). 

Furthermore, functional characterisation is required to elucidate the molecular mechanism 

of biofilm accumulation and adherence. Schroeder et al. (2009)111 carried out preliminary 

binding studies and found no interaction between SasC and the ECM proteins fibrinogen, 

the von Willebrand factor or platelets. In relation to the predicted structural homology, it 

might be interesting to test binding of SasC to collagen, among other components present 

in the biofilm ECM. Binding to collagen might propose that SasC can also mediate biofilm 

formation, aside of its better characterised cell-cell aggregation ability111. 

6.4.3 SHIRT domains of SGO0707 

The 15N relaxation analysis of backbone amide resonances in SHIRT domains could be 

interpreted in greater depth by separating the global correlation time contributions from 

the intramolecular motions of the (1H, 15N) bonds in model-free analysis514. To this end, 

relaxation data has been recorded at 800 1H MHz. Briefly, in model-free analysis514, several 

sets of relaxation data are used to obtain time constants for (fast and slow)538 

intramolecular motions and the flexibility/rigidity for each of these motions, aside from a 

global estimate of the correlation time. Furthermore, the diffusion tensor of the 

macromolecule in solution can be determined521,522. Based on the crystal structure of 

S0304 and the observed limited flexibility for the linker residues, the z-axis of S0304 is ~7 

times longer than the x- and y-axis; therefore, it might be expected that the diffusion along 

the z-axis is slower than in the x- and y-directions.  

Furthermore, relaxation data for tandem SHIRT domains is limited by the overlapping 

backbone resonances for many equivalent residues in domains S03 and S04. Applying one 

of the strategies suggested (see section 6.2.5) for non-overlapping backbone amide 

assignment would enable us to obtain more detailed relaxation information across tandem 

SHIRT domains.  
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Chapter 7. Appendices 

7.1 Primer tables 

Table 7.1: Primers for amplification of target genes. 

 
 

  

Construct Primer 

direction 
Sequence 

D17 Forward TCCAGGGACCAGCAATGGAACCTGTTATTAACAGAAAGGC 

 Reverse TGAGGAGAAGGCGCGTCAATCTAAATCATGTATTGTTTGTAG 

D17_wrong Forward TCCAGGGACCAGCAATGAACGATAAAAAACAAGCAATTGAAGC 

 Reverse TGAGGAGAAGGCGCGTCATTGCACTAAAGCAGTGACG 

D1617 Forward TCCAGGGACCAGCAATGAAACCAGCGACAACAGTTAAAGC 

 Reverse TGAGGAGAAGGCGCGTCAATGTACATCTAAATCATGTATTGTTTG 

D1417 Forward TCCAGGGACCAGCAATGAGACGTAAACGAGCTGCGCTT 

 Reverse TGAGGAGAAGGCGCGTCATTTAATAGGATGTACATCTAAATCATGT

ATTGTTT 

D1017 Forward ATGGGTGGTGGATTTGCTGAAGTAGTAATTAAAACAAAGGC 

 Reverse TTGGAAGTATAAATTTTCATGTACATCTAAATCATGTATTGTTTGTAG 

D1017_strep_
CC 

Forward TCCAGGGACCAGCAATGGAAGTAGTAATTAAAACAAAGGCAATTGC 

 Reverse CAAATTGAGGATGAGACCATTTAATAGGATGTACATCTAAATCATGT
ATTGTTTG 

D0710 Forward TCCAGGGACCAGCAATGACGAAGAAACAAACTGCTACA 

 Reverse TGAGGAGAAGGCGCGTCATTTTGTTTCAGGTTGAATAATTTTAATCG 

D0310_strep_

CC 
Forward TCCAGGGACCAGCAATGCAAGTAACTCATAAAAAAGCTG 

 Reverse CAAATTGAGGATGAGACCATTTTGTTTCAGGTTGAATAATTTTAATC 

D1-18 Forward ATGGGTGGTGGATTTGCTCGAAGTGTTGATGCTGAAAAT 

 Reverse TTGGAAGTATAAATTTTCTGCTTCTATATCGCTTAATGCAACATTAAA
TCGTTTTAAAAC 

S0304 Forward TCCAGGGACCAGCAATGGCGCCGACCTAC 

 Reverse CACCCCGGCATAACGCGCCTTCTCCTCA 
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Table 7.2: Primers for mutagenesis 

 

Table 7.3: Primers for vector linearisation.  

 

7.2 Strains of S. aureus used in MSA of the DRESS 

region 

Table 7.4: Accession details for hypothetical protein sequences of SasC from different strains of S. 
aureus.  NCBI: National centre for biotechnology information. 

Name Number of residues Accession details Accession 
website 

EMRSA16 2189 Accession number 
NZ_GG770513.1, 
WP_001050520.1 

NCBI 
Genome 

MRSA252 2189 NC_002952.2,  
WP_001050520.1, 

NCBI 
Genome 

SA40TW 2185 Accession number 
NZ_CP013182.1, 
WP_001050576.1 

NCBI 
Genome 

Construct Mutation Primer 
direction 

Sequence 

D1c-c18 T731C Forward ATACTGCATGTCCGGTTGTTAAACCAAATGCTAAAAAA
GCAATACG 

  Reverse ACCGGACATGCAGTATCCCCACTTAAGGTCTGTATAC 

D1c-c18 H1963C Forward CATGATTTAGATGTATGTCCTATTAAAAAG 

  Reverse GGCTTTTTAATAGGACATACATCTAAATC 

D1617 T1838D Forward CGAAGCGGATGATGAAGAACAAAATATTGCAATAGCAC

AAG 

  Reverse CTTCATCATCCGCTTCGTTATTTGCTTTAATTAAATTAAT

TTTATTTGTAG 

 N1943D Forward GATCGTAGCGATGCACAAGTTGATAAAACAGCATCATT

AAATC 

  Reverse TGTGCATCGCTACGATCTTGATCAATTTGTCCAATAGC

AG 

Name Construct Primer 
direction 

Sequence 

CleF pETFPP Forward CGCGCCTTCTCCTCACATATGGCTAGC 

CleR  Reverse TTGCTGGTCCCTGGAACAGAACTTCC 

CleF_scc pETFPP_strep_CC Forward TGGTCTCATCCTCAATTTGAAAAATGCT
GCTAAC 

CleR  Reverse TTGCTGGTCCCTGGAACAGAACTTCC 
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N315 2186 Accession number  
NC_002745.2, 
WP_001050566.1 

NCBI 
Genome 

13-001 2186 Assembly 
GCA_001680925.1, 
WP_001050538.1 

NCBI 
Genome 

4074 2186 Schroeder et al. (2009)111 

M1 2186 CCW22089, BN843_17590 Kegg 

ST20130941 2186 Accession number 
NZ_CP012978.1, 
WP_001641584.1 

NCBI 
Genome 

Newman 2186 NCBI Reference Sequence 
WP_001050548.1 
 

NCBI 
Genome 

Col 2186 NCBI Reference Sequence 
WP_001050554.1 

NCBI 
Genome 

USA300_SUR10 2186 Accession number 
NZ_CP014397.1, 
WP_077442718.1 

NCBI 
Genome 

NCTC 8325-4 2186 Assemble 
GCF_000013425.1, 
WP_001050546.1 

NCBI 
Genome 

NCTC 8325-
4_CP000254 

2186 CP000253 NCBI 
Genome 

RN4220 2186 Assembly 
GCA_001996505.1,  
WP_001050546.1 

NCBI 
Genome 

V541 2186 Accession number 
NZ_CP013957.1, 
WP_001050548.1 

NCBI 
Genome 

NCTC-13454 2186 NCBI Reference Sequence, 
WP_001050536.1 

NCBI 
Genome 

MW2 2186 Accession 
NZ_JYAU01000001.1, 
WP_001050541.1 

NCBI 
Genome 

MSSA476 2186 Accession 
NZ_JXZG01000001.1, 
WP_001050543.1 

NCBI 
Genome 

Mu50 No SasC, contains DUF1542 
domain-containing protein with 
predicted neuromodulin_N 
domains 

Genome assembly 299275 NCBI 
Genome 

ATCC 29213 No SasC, contains gene for Ebh Accession number 
LHUS02000001.1,  

NCBI 
Genome 

pSA-CC022-1, 
pSA-CC022-2 

No SasC, contains partial gene 
for Ebh 

Accession number 
NZ_CM003520.1 

NCBI 
Genome 

 

7.3 Raw gel images 

Arrows above the gels indicate the relevant lanes. Arrows on the side of the gels indicate 

a band likely representative of the protein of interest. 
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His6-GST-D17 test for optimal expression 
and protein over-production conditions 
(Figure 3.7A)

His6-GST-D17, His6-Im9-D17 test for 
optimal expression and protein over-
production conditions (Figure 3.7A, B) 
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± +      ± +        ± + ± +      – –
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°C
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GST Im9

IPTGA

Im9GST

Gel 2

His6-Im9-D17 test for optimal expression 
and protein over-production conditions 
(Figure 3.7B)

His6-Im9-D17 IMAC 1 gel 1 (Figure 3.8B)

– ± +  – ± +       – ± +   – +   
37 °C      30 °C        15 °C         37 °C

IPTG A

Gel 3

His6-Im9-D17 IMAC 1 gel 2 (Figure 3.8B) His6-Im9-D17 HRV 3C protease cleavage 
and IMAC 2 (Figure 3.9A)
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D17 (Figure 3.11) D1617 (Figure 3.11)

D1617_T1838D (purple), D1617_N1943D 
(green), D1617_T1838D,N1943D (orange, 
Figure 3.11)

D0710 SEC gel 1 (Figure 4.3D) D0710 SEC 3 (Figure 4.3D)
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Test for optimal over-production conditions of D0118 (Figure 4.4A)

MW
(kDa)

50

75
100
150
250

37

0 2 4 22     0  2     4     22

0.1% (w/v),
37 °C

s s t   s  t   s   t     s   s s t  s   t    

0.001% (w/v),
20 °C

MW
(kDa)

50

75
100
150
250

37

s s t   s  t   s   t   s  s t  s   t   s   t 

0 2 4 22    0   2     4      22

0.01% (w/v),
20 °C

0.1% (w/v),
20 °C

hours
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D0118 IMAC gel 1 (Figure 4.4C) D0118 IMAC gel 2 (Figure 4.4C)

D0118 SEC left gel (Figure 4.4E) D0118 SEC middle gel (Figure 4.4E)

D0118 SEC right gel (Figure 4.4E) D0118_2Cys IMAC right gel (Figure 4.5C)



268

D0118_2Cys SEC right gel (Figure 4.5D) D0310_scc IMAC 1 gel 2 (Figure 4.7B)

D0310_scc Strep purification (Figure 4.7C) D0710 (Figure 4.8)

D0118 (Figure 4.8) D0310_scc (Figure 4.2B and Figure 4.9F)

15N-S0304 HRV 3C cleavage (Figure 5.4C) 15N-S03 concentration (Figure 5.5)
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7.4 Non-redundant DNA-sequence of 
S0304_P704A,P706A

Pairwise sequence alignment by EMBOSS Water260 of the DNA-sequence of S0304 and 

S0304_P704A,P706A which is manually made less redundant.

S0304              1 GCCCCGACCTACAAAGCCACCCATGAGTTCATGAGCGGCACACCGGGTAA     50
                     ||.||||||||||||||.||||||||||||||||||||||||||||||||
P704A_P706A        1 GCGCCGACCTACAAAGCGACCCATGAGTTCATGAGCGGCACACCGGGTAA     50

S0304             51 AGAACTGCCTCAAGAGGTGAAGGATCTGCTGCCTGCAGATCAAACCGACC    100
                     ||||||||||||||||||||||||||||||||||||||||||||||||||
P704A_P706A       51 AGAACTGCCTCAAGAGGTGAAGGATCTGCTGCCTGCAGATCAAACCGACC    100

S0304            101 TGAAGGATGGCAGTCAAGCCACCCCGACACAGCCGAGCAAAACAGAAGTG    150
                     |||||||||||||||||||||||||||||||||||||||||||||||||.
P704A_P706A      101 TGAAGGATGGCAGTCAAGCCACCCCGACACAGCCGAGCAAAACAGAAGTT    150

S0304            151 AAGACAGCCGAGGGCACCTGGAGCTTCAAAAGCTATGACAAAACCAGCGA    200
                     ||||||||||||||.|||||||||||.|||||||||||||||||||||||
P704A_P706A      151 AAGACAGCCGAGGGTACCTGGAGCTTTAAAAGCTATGACAAAACCAGCGA    200

S0304            201 GACCATTAACGGCGCAGATGCCCACTTTGTGGGCACCTGGGAATTTACCC    250
                     ||||||||||||||||||||||||||||||||||||||||||||||||..
P704A_P706A      201 GACCATTAACGGCGCAGATGCCCACTTTGTGGGCACCTGGGAATTTACTG    250

S0304            251 CGGCCCCGACATACAAGGCCACCCACGAGTTTGTGAGCGGTACACCGGGC    300
                     |||||.||||||||||||||||||||||||||||||||||||||||||||
P704A_P706A      251 CGGCCGCGACATACAAGGCCACCCACGAGTTTGTGAGCGGTACACCGGGC    300

 15N, 13C-S03 concentration (Figure 5.5) 15N-S0304 concentration (Figure 5.5)

15N-S0304_P704A,P706A concentration 
(Figure 5.5)
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S0304            301 AAAGAACTGCCGCAGGAAGTTAAAGATCTGCTGCCGGCCGACCAGACCGA    350 

                     ||||||||||||||||||||||||||.||||||||||||||||||||||| 

P704A_P706A      301 AAAGAACTGCCGCAGGAAGTTAAAGACCTGCTGCCGGCCGACCAGACCGA    350 

 

S0304            351 CCTGAAAGATGGTAGCCAGGCAACCCCGACCCAACCGAGCAAGACAGAAG    400 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

P704A_P706A      351 CCTGAAAGATGGTAGCCAGGCAACCCCGACCCAACCGAGCAAGACAGAAG    400 

 

S0304            401 TGAAAACCACCGAAGGCACCTGGAGCTTCAAGAGTTATGATAAGACCAGC    450 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

P704A_P706A      401 TGAAAACCACCGAAGGCACCTGGAGCTTCAAGAGTTATGATAAGACCAGC    450 

 

S0304            451 GAAACCATTAATGGCGCCGATGCCCATTTTGTTGGTACCTGGGAATTCAC    500 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

P704A_P706A      451 GAAACCATTAATGGCGCCGATGCCCATTTTGTTGGTACCTGGGAATTCAC    500 

 

S0304            501 CCCGGCATAA    510 

                     |||||||||| 

P704A_P706A      501 CCCGGCATAA    510 

Pairwise sequence alignment by EMBOSS Water260 of the protein sequences of S0304 and 

S0304_P704A,P706A. 

S0304              1 APTYKATHEFMSGTPGKELPQEVKDLLPADQTDLKDGSQATPTQPSKTEV     50 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

P704A_P706A        1 APTYKATHEFMSGTPGKELPQEVKDLLPADQTDLKDGSQATPTQPSKTEV     50 

 

S0304             51 KTAEGTWSFKSYDKTSETINGADAHFVGTWEFTPAPTYKATHEFVSGTPG    100 

                     |||||||||||||||||||||||||||||||||.|.|||||||||||||| 

P704A_P706A       51 KTAEGTWSFKSYDKTSETINGADAHFVGTWEFTAAATYKATHEFVSGTPG    100 

 

S0304            101 KELPQEVKDLLPADQTDLKDGSQATPTQPSKTEVKTTEGTWSFKSYDKTS    150 

                     |||||||||||||||||||||||||||||||||||||||||||||||||| 

P704A_P706A      101 KELPQEVKDLLPADQTDLKDGSQATPTQPSKTEVKTTEGTWSFKSYDKTS    150 

 

S0304            151 ETINGADAHFVGTWEFTPA    169 

                     ||||||||||||||||||| 

P704A_P706A      151 ETINGADAHFVGTWEFTPA    169 

 

7.5 Assigned resonances for S03 

Table 7.5: List of assigned resonances for S03. aResidues remaining from fusion tag. 

Number Residue 1HN (ppm) 15NH (ppm) 13CA (ppm) 13CB (ppm) 

a618 Pro - - 62.8 32.30 

a619 Ala 8.487 124.63 52.5 19.05 

a620 Met 8.314 119.99 54.8 33.19 

621 Ala 8.265 126.91 50.4 18.28 

622 Pro - - 62.9 32.29 

623 Thr 7.47 109.45 59.2 71.93 

624 Tyr 8.989 119.50 57.9 42.37 

625 Lys 8.694 117.07 53.8 37.25 

626 Ala 8.48 119.07 50.0 21.06 

627 Thr 8.608 112.56 59.0 71.96 

628 His 8.55 118.32 55.7 31.83 

629 Glu 8.731 121.07 54.9 34.84 

630 Phe 9.329 123.07 51.3 42.28 

631 Met 9.197 117.72 54.2 37.24 

632 Ser 9.195 115.53 56.7 64.29 
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633 Gly 9.949 116.90 44.9 - 

634 Thr 8.662 121.31 59.8 71.26 

635 Pro - - 63.7 32.03 

636 Gly 8.776 111.43 45.4 - 

637 Lys 7.723 119.93 53.4 33.63 

638 Glu 8.707 125.42 54.4 30.89 

639 Leu 8.601 120.40 52.3 41.69 

640 Pro - - 61.1 32.01 

641 Gln 9.138 123.97 58.6 28.20 

642 Glu 9.675 115.18 60.2 29.56 

643 Val 6.557 114.10 64.4 30.87 

644 Lys 7.168 119.83 60.8 31.54 

645 Asp 8.548 117.81 56.2 40.58 

646 Leu 7.635 118.81 54.0 42.21 

647 Leu 7.367 124.44 53.8 42.59 

648 Pro - - 62.4 32.43 

649 Ala 8.115 123.61 51.3 19.54 

650 Asp 8.625 120.22 55.0 40.25 

651 Gln 8.983 122.16 54.8 30.08 

652 Thr 8.312 111.62 60.4 71.13 

653 Asp 8.825 114.55 55.2 39.45 

654 Leu 8.764 118.79 54.5 41.83 

655 Lys 8.406 121.50 55.5 33.56 

656 Asp 9.098 123.56 56.1 40.66 

657 Gly 8.767 114.79 45.3 - 

658 Ser 7.951 116.21 59.0 64.55 

659 Gln 8.616 119.93 55.2 29.74 

660 Ala 9.175 130.03 50.4 20.56 

661 Thr 8.968 116.40 58.1 70.33 

662 Pro - - 61.2 29.94 

663 Thr 11.028 124.69 62.4 68.67 

664 Gln 9.09 129.25 54.2 27.68 

665 Pro - - 62.1 31.88 

666 Ser 9.335 116.59 60.7 62.86 

667 Lys 7.16 117.04 55.2 36.13 

668 Thr 8.449 105.91 61.0 68.87 

669 Glu 7.493 121.25 55.7 33.63 

670 Val 9.6 125.12 61.7 35.76 

671 Lys 8.956 128.80 56.1 33.60 

672 Thr 9.033 116.44 59.3 71.86 

673 Ala 8.909 121.45 54.8 18.38 

674 Glu 8.053 111.93 56.5 31.29 

675 Gly 7.577 108.10 46.6 - 

676 Thr 8.14 117.57 62.0 71.66 

677 Trp 9.625 128.30 56.1 31.28 

678 Ser 9.763 118.32 56.6 65.14 
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679 Phe 8.593 129.00 58.0 37.94 

680 Lys 8.147 128.94 55.8 31.82 

681 Ser 5.847 105.31 57.8 63.76 

682 Tyr 8.491 116.48 59.0 40.66 

683 Asp 9.61 121.36 55.7 39.50 

684 Lys 7.726 118.01 54.4 35.55 

685 Thr 8.685 110.17 62.7 69.09 

686 Ser 7.58 110.69 57.5 64.83 

687 Glu 9.115 120.97 56.4 34.26 

688 Thr 8.888 124.11 62.4 69.09 

689 Ile 9.023 129.98 59.5 35.75 

690 Asn 9.196 130.48 50.9 38.37 

691 Gly 9.415 111.12 46.4 - 

692 Ala 6.262 116.61 51.0 21.45 

693 Asp 8.234 119.09 54.9 41.41 

694 Ala 8.452 122.96 50.2 21.30 

695 His 8.27 118.91 53.9 31.22 

696 Phe 8.43 125.15 56.5 42.91 

697 Val 9.507 123.80 61.3 33.50 

698 Gly 10.744 119.34 45.7 - 

699 Thr 7.953 122.51 62.9 70.34 

700 Trp 8.67 125.33 55.6 32.08 

701 Glu 9.41 121.12 54.8 34.16 

702 Phe 8.753 126.09 56.1 40.47 

703 Thr 8.02 124.38 58.5 70.87 

704 Pro - - 62.7 32.10 

705 Ala 7.829 129.99 53.9 19.46 

 

7.6 Putatively assigned residues for S0304 

Table 7.6: List of putatively assigned resonances for S0304. aResidues remaining from fusion tag. 

Number Residue 1HN (ppm) 15NH (ppm) 

 a619 Ala 8.49 124.69 

 a620 Met 8.31 120.06 

 621 Ala 8.26 126.98 

 627 Thr 8.61 112.59 

 631 Met 9.19 117.79 

 633 Gly 10.01 117.28 

 641 Gln 9.25 123.90 

 642 Glu 9.63 115.22 

 653 Asp 8.83 114.58 

 656 Asp 9.10 123.60 

 673 Ala 8.92 121.52 

 675 Gly 7.64 108.64 
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 676 Thr 8.11 117.54 

 697 Val 9.49 124.12 

 698 Gly 10.85 119.80 

 703 Thr 7.95 123.37 

 705 Ala 8.03 125.79 

 711 Thr 8.66 112.63 

 715 Val 8.08 116.30 

 717 Gly 9.94 116.95 

 725 Gln 9.13 124.00 

 726 Glu 9.68 115.25 

 737 Asp 8.96 114.76 

 740 Asp 9.13 123.54 

 757 Thr 9.11 113.65 

 759 Gly 7.56 107.96 

 760 Thr 8.14 117.67 

 781 Val 9.50 123.90 

 782 Gly 10.74 119.39 

 787 Thr 8.02 124.43 

 789 Ala 7.84 130.05 

 

7.7 Putatively assigned residues for 

S0304_P704A,P706A 

Table 7.7: List of putatively assigned resonances for S0304_P704A,P706A. aResidues remaining from 
fusion tag. 

Number Residue 1HN (ppm) 15NH (ppm) 

 a619 Ala 8.49 124.69 

 a620 Met 8.32 120.06 

 621 Ala 8.27 126.98 

 624 Tyr 8.99 119.59 

 627 Thr 8.61 112.57 

 631 Met 9.19 117.78 

 633 Gly 10.01 117.28 

 641 Gln 9.25 123.90 

 642 Glu 9.64 115.23 

 653 Asp 8.83 114.66 

 673 Ala 8.91 121.49 

 675 Gly 7.62 108.56 

 692 Ala 6.26 116.68 

 697 Val 9.49 124.12 

 698 Gly 10.85 119.81 

 703 Thr 7.95 123.37 

 704 Ala 8.04 124.11 

 705 Ala 8.34 125.17 
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 706 Ala 7.91 123.83 

 708 Tyr 8.99 119.83 

 711 Thr 8.66 112.64 

 715 Val 8.08 116.30 

 717 Gly 9.95 116.96 

 725 Gln 9.13 123.99 

 726 Glu 9.68 115.25 

 737 Asp 8.96 114.76 

 757 Thr 9.11 113.65 

 759 Gly 7.57 107.96 

 776 Ala 6.23 116.59 

 781 Val 9.51 123.89 

 782 Gly 10.74 119.40 

 787 Thr 8.01 124.41 

 789 Ala 7.84 130.05 

 

7.8 DNA and protein sequences of recombinant 

protein constructs used in this thesis 

D17 
atgggcagcagccatcatcatcatcatcacagcagcggcctggaagttctgttccagggaccaggaccagcaatg

gaacctgttattaacagaaaggcgtctgctcgagaacaattgacaacattattcaacgataaaaaacaagcaatt

gaagcgaatattcaagcaacggtagaagaaagaaatagtatattagcacagttacaaaatatttatgacactgct

attggacaaattgatcaagatcgtagcaatgcacaagttgataaaacagcatcattaaatctacaaacaatacat

gatttagat 

 

MGSSHHHHHHSSGLEVLFQGPAMEPVINRKASAREQLTTLFNDKKQAIEANIQATVEERN 

SILAQLQNIYDTAIGQIDQDRSNAQVDKTASLNLQTIHDLD 

 
 
D1617 
atgggcagcagccatcatcatcatcatcacagcagcggcctggaagttctgttccagggaccagcaatgaaacca

gcgacaacagttaaagcaacagcattacaacaaattcaaaatatcgctacaaataaaattaatttaattaaagca

aataacgaagcgacagatgaagaacaaaatattgcaatagcacaagttgaaaaagagttaattaaagctaaacaa

caaattgctagtgcagtgactaatgcagatgtggcatatttattgcatgatgagaaaaacgaaattcgtgaaatc

gaacctgttattaacagaaaggcgtctgctcgagaacaattgacaacattattcaacgataaaaaacaagcaatt

gaagcgaatattcaagcaacggtagaagaaagaaatagtatattagcacagttacaaaatatttatgacactgct

attggacaaattgatcaagatcgtagcaatgcacaagttgataaaacagcatcattaaatctacaaacaatacat

gatttagatgtacat 

 

MGSSHHHHHHSSGLEVLFQGPAMKPATTVKATALQQIQNIATNKINLIKANNEATDEEQN 

IAIAQVEKELIKAKQQIASAVTNADVAYLLHDEKNEIREIEPVINRKASAREQLTTLFND 

KKQAIEANIQATVEERNSILAQLQNIYDTAIGQIDQDRSNAQVDKTASLNLQTIHDLDVH 

 
 
D1617_T1838D 
atgggcagcagccatcatcatcatcatcacagcagcggcctggaagttctgttccagggaccagcaatgaaacca

gcgacaacagttaaagcaacagcattacaacaaattcaaaatatcgctacaaataaaattaatttaattaaagca

aataacgaagcggatgatgaagaacaaaatattgcaatagcacaagttgaaaaagagttaattaaagctaaacaa

caaattgctagtgcagtgactaatgcagatgtggcatatttattgcatgatgagaaaaacgaaattcgtgaaatc

gaacctgttattaacagaaaggcgtctgctcgagaacaattgacaacattattcaacgataaaaaacaagcaatt

gaagcgaatattcaagcaacggtagaagaaagaaatagtatattagcacagttacaaaatatttatgacactgct

attggacaaattgatcaagatcgtagcaatgcacaagttgataaaacagcatcattaaatctacaaacaatacat

gatttagatgtacat 



275 
 

 

MGSSHHHHHHSSGLEVLFQGPAMKPATTVKATALQQIQNIATNKINLIKANNEADDEEQN 

IAIAQVEKELIKAKQQIASAVTNADVAYLLHDEKNEIREIEPVINRKASAREQLTTLFND 

KKQAIEANIQATVEERNSILAQLQNIYDTAIGQIDQDRSNAQVDKTASLNLQTIHDLDVH 

 
 
D1617_N1943D 
atgggcagcagccatcatcatcatcatcacagcagcggcctggaagttctgttccagggaccagcaatgaaacca

gcgacaacagttaaagcaacagcattacaacaaattcaaaatatcgctacaaataaaattaatttaattaaagca

aataacgaagcgacagatgaagaacaaaatattgcaatagcacaagttgaaaaagagttaattaaagctaaacaa

caaattgctagtgcagtgactaatgcagatgtggcatatttattgcatgatgagaaaaacgaaattcgtgaaatc

gaacctgttattaacagaaaggcgtctgctcgagaacaattgacaacattattcaacgataaaaaacaagcaatt

gaagcgaatattcaagcaacggtagaagaaagaaatagtatattagcacagttacaaaatatttatgacactgct

attggacaaattgatcaagatcgtagcgatgcacaagttgataaaacagcatcattaaatctacaaacaatacat

gatttagatgtacat 

 

MGSSHHHHHHSSGLEVLFQGPAMKPATTVKATALQQIQNIATNKINLIKANNEATDEEQN 

IAIAQVEKELIKAKQQIASAVTNADVAYLLHDEKNEIREIEPVINRKASAREQLTTLFND 

KKQAIEANIQATVEERNSILAQLQNIYDTAIGQIDQDRSDAQVDKTASLNLQTIHDLDVH 

 
 
D1617_T1838D,N1943D 
atgggcagcagccatcatcatcatcatcacagcagcggcctggaagttctgttccagggaccagcaatgaaacca

gcgacaacagttaaagcaacagcattacaacaaattcaaaatatcgctacaaataaaattaatttaattaaagca

aataacgaagcggatgatgaagaacaaaatattgcaatagcacaagttgaaaaagagttaattaaagctaaacaa

caaattgctagtgcagtgactaatgcagatgtggcatatttattgcatgatgagaaaaacgaaattcgtgaaatc

gaacctgttattaacagaaaggcgtctgctcgagaacaattgacaacattattcaacgataaaaaacaagcaatt

gaagcgaatattcaagcaacggtagaagaaagaaatagtatattagcacagttacaaaatatttatgacactgct

attggacaaattgatcaagatcgtagcgatgcacaagttgataaaacagcatcattaaatctacaaacaatacat

gatttagatgtacat 

 

MGSSHHHHHHSSGLEVLFQGPAMKPATTVKATALQQIQNIATNKINLIKANNEADDEEQN 

IAIAQVEKELIKAKQQIASAVTNADVAYLLHDEKNEIREIEPVINRKASAREQLTTLFND 

KKQAIEANIQATVEERNSILAQLQNIYDTAIGQIDQDRSDAQVDKTASLNLQTIHDLDVH 

 
 
D1417 
atgggcagcagccatcatcatcatcatcacagcagcggcctggaagttctgttccagggaccagcaatg 

agacgtaaacgagctgcgcttgatagcattgaagaaaataataaaaatcaactcgatgcaatccgaaatacgttg

gatactactcaagatgaaagagatgttgctattgatactttaaataaaattgtaaatacaattaaaaatgacatt

gcacaaaacaaaacgaatgcagaagtggatcgaactgagactgatggcaacgacaacatcaaagtgattttacct

aaagttcaagttaaaccagcagcgcgtcaatctgttggtgtaaaagccgaagctcaaaatgcactaatcgatcaa

agcgatttatcaactgaagaagaaagactagctgctaaacatttagtagaacaagcacttaatcaggctattgat

cagatcaatcatgcagataagactgcccaagttaatcaagatagtataaatgctcaaaatattatttcaaaaatt

aaaccagcgacaacagttaaagcaacagcattacaacaaattcaaaatatcgctacaaataaaattaatttaatt

aaagcaaataacgaagcgacagatgaagaacaaaatattgcaatagcacaagttgaaaaagagttaattaaagct

aaacaacaaattgctagtgcagtgactaatgcagatgtggcatatttattgcatgatgagaaaaacgaaattcgt

gaaatcgaacctgttattaacagaaaggcgtctgctcgagaacaattgacaacattattcaacgataaaaaacaa

gcaattgaagcgaatattcaagcaacggtagaagaaagaaatagtatattagcacagttacaaaatatttatgac

actgctattggacaaattgatcaagatcgtagcaatgcacaagttgataaaacagcatcattaaatctacaaaca

atacatgatttagatgtacatcctattaaa 

 

MGSSHHHHHHSSGLEVLFQGPAMRRKRAALDSIEENNKNQLDAIRNTLDTTQDERDVAID 

TLNKIVNTIKNDIAQNKTNAEVDRTETDGNDNIKVILPKVQVKPAARQSVGVKAEAQNAL 

IDQSDLSTEEERLAAKHLVEQALNQAIDQINHADKTAQVNQDSINAQNIISKIKPATTVK 

ATALQQIQNIATNKINLIKANNEATDEEQNIAIAQVEKELIKAKQQIASAVTNADVAYLL 

HDEKNEIREIEPVINRKASAREQLTTLFNDKKQAIEANIQATVEERNSILAQLQNIYDTA 

IGQIDQDRSNAQVDKTASLNLQTIHDLDVHPIK 

 
 
D0710 
atgggcagcagccatcatcatcatcatcacagcagcggcctggaagttctgttccagggaccagcaatgacgaag

aaacaaactgctacaggtgtattaaatgatttagcaactgctaaaaagcaagaaattaatcaaaacacaaatgca

acaactgaagaaaagcaagtggctttaaatcaagtggatcaagagttagcaacggcaattaataatataaatcaa

gctgatacaaatgcggaagtagatcaagcgcaacaattaggtacaaaagcaattaatgcgattcagccaaatatt
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gttaaaaaacctgcagcattagcacaaatcaatcagcattataatgctaaattagctgaaatcaatgctacacca

gatgcaacgaatgatgagaaaaatgctgcgatcaatactttaaatcaagacagacaacaagctattgaaagtatt

aaacaagctaacacaaatgcagaagtagaccaagctgcgacagtagcagagaataatatcgatgctgttcaagtt

gatgtagtaaaaaaacaagcagcgcgagataaaatcactgctgaagtggcgaagcgtattgaagcggttaaacaa

acacctaatgcaactgacgaagaaaagcaggctgctgttaatcaaatcaatcaacttaaagatcaagcaattaat

caaattaatcaaaaccaaacaaatgatcaggtagacacaactacaaatcaagcggtaaatgctatagataatgtt

gaagctgaagtagtaattaaaacaaaggcaattgcagatattgaaaaagctgttaaagaaaagcaacagcaaatt

gataatagtcttgattcaacagataatgagaaagaagttgcttcacaagcattagctaaagaaaaagaaaaagca

cttgcagctattgaccaagctcaaacgaatagtcaggtgaatcaagcagcaacaaatggtgtatcagcgattaaa

attattcaacctgaaacaaaatga 

 

 

MGSSHHHHHHSSGLEVLFQGPAMTKKQTATGVLNDLATAKKQEINQNTNATTEEKQVALN 

QVDQELATAINNINQADTNAEVDQAQQLGTKAINAIQPNIVKKPAALAQINQHYNAKLAE 

INATPDATNDEKNAAINTLNQDRQQAIESIKQANTNAEVDQAATVAENNIDAVQVDVVKK 

QAARDKITAEVAKRIEAVKQTPNATDEEKQAAVNQINQLKDQAINQINQNQTNDQVDTTT 

NQAVNAIDNVEAEVVIKTKAIADIEKAVKEKQQQIDNSLDSTDNEKEVASQALAKEKEKA 

LAAIDQAQTNSQVNQAATNGVSAIKIIQPETK 

 
 
D0310_scc 
atgggcagcagccatcatcatcatcatcacagcagcggcctggaagttctgttccagggaccagcaatgcaagta

actcataaaaaagctgcaagagatgcaattaaccaagcaacagcaacgaaaagacaacaaataaatagtaataga

gaagcaactcaggaagagaaaaatgcagcattgaacgaattaactcaagcaaccaaccatgctttagaacaaatc

aatcaagcaacaacaaatgctaatgttgataacgccaaaggagatggtctaaatgccattaatccaattgctcct

gtaactgttgttaagcaagctgcaagggatgccgtatcacatgatgcacaacaacatatcgcagagatcaatgct

aatcctgatgcgactcaagaagaaagacaagcagcaattgacaaagtgaatgctgctgtaactgcagcaaacaca

aacattttaaacgctaataccaatgctgatgttgaacaagtaaagacaaatgcgattcaaggaatacaagcaatt

acaccagctacaaaagtaaaaacagatgcaaaaaatgccatcgataaaagtgcggaaacgcaacataatacgata

tttaataataatgatgcgacgctcgaagaacaacaagcagcacaacaattacttgatcaagctgtagccacagcg

aagcaaaatattaatgcagcagatacgaatcaagaagttgcacaagcaaaagatcagggcacacaaaatatagta

gtgattcaaccggcaacacaagttaaaacggatactcgcaatgttgtaaatgataaagcgcgagaggcgataaca

aatatcaatgctacaactggcgcgactcgagaagagaaacaagaagcgataaatcgtgtcaatacacttaaaaat

agagcattaactgatattggtgtgacgtctactactgcgatggtcaatagtattagagacgatgcagtcaatcaa

atcggcgcagttcaaccgcatgtaacgaagaaacaaactgctacaggtgtattaaatgatttagcaactgctaaa

aagcaagaaattaatcaaaacacaaatgcaacaactgaagaaaagcaagtggctttaaatcaagtggatcaagag

ttagcaacggcaattaataatataaatcaagctgatacaaatgcggaagtagatcaagcgcaacaattaggtaca

aaagcaattaatgcgattcagccaaatattgttaaaaaacctgcagcattagcacaaatcaatcagcattataat

gctaaattagctgaaatcaatgctacaccagatgcaacgaatgatgagaaaaatgctgcgatcaatactttaaat

caagacagacaacaagctattgaaagtattaaacaagctaacacaaatgcagaagtagaccaagctgcgacagta

gcagagaataatatcgatgctgttcaagttgatgtagtaaaaaaacaagcagcgcgagataaaatcactgctgaa

gtggcgaagcgtattgaagcggttaaacaaacacctaatgcaactgacgaagaaaagcaggctgctgttaatcaa

atcaatcaacttaaagatcaagcaattaatcaaattaatcaaaaccaaacaaatgatcaggtagacacaactaca

aatcaagcggtaaatgctatagataatgttgaagctgaagtagtaattaaaacaaaggcaattgcagatattgaa

aaagctgttaaagaaaagcaacagcaaattgataatagtcttgattcaacagataatgagaaagaagttgcttca

caagcattagctaaagaaaaagaaaaagcacttgcagctattgaccaagctcaaacgaatagtcaggtgaatcaa

gcagcaacaaatggtgtatcagcgattaaaattattcaacctgaaacaaaatggtctcatcctcaatttgaaaaa

tgctgctaac 

 

MGSSHHHHHHSSGLEVLFQGPAMQVTHKKAARDAINQATATKRQQINSNREATQEEKNAA 

LNELTQATNHALEQINQATTNANVDNAKGDGLNAINPIAPVTVVKQAARDAVSHDAQQHI 

AEINANPDATQEERQAAIDKVNAAVTAANTNILNANTNADVEQVKTNAIQGIQAITPATK 

VKTDAKNAIDKSAETQHNTIFNNNDATLEEQQAAQQLLDQAVATAKQNINAADTNQEVAQ 

AKDQGTQNIVVIQPATQVKTDTRNVVNDKAREAITNINATTGATREEKQEAINRVNTLKN 

RALTDIGVTSTTAMVNSIRDDAVNQIGAVQPHVTKKQTATGVLNDLATAKKQEINQNTNA 

TTEEKQVALNQVDQELATAINNINQADTNAEVDQAQQLGTKAINAIQPNIVKKPAALAQI 

NQHYNAKLAEINATPDATNDEKNAAINTLNQDRQQAIESIKQANTNAEVDQAATVAENNI 

DAVQVDVVKKQAARDKITAEVAKRIEAVKQTPNATDEEKQAAVNQINQLKDQAINQINQN 

QTNDQVDTTTNQAVNAIDNVEAEVVIKTKAIADIEKAVKEKQQQIDNSLDSTDNEKEVAS 

QALAKEKEKALAAIDQAQTNSQVNQAATNGVSAIKIIQPETKWSHPQFEKCC 

 
 
D0118 
atgggtggtggatttgctcgaagtgttgatgctgaaaatgcagttaataaaaaagttgaccaaatggaagattta

gttaatcaaaatgatgaattgacagatgaagaaaaacaagcagcaatacaagttatcgaggaacataaaaatgaa

ataattggtaatattggtgaccaaacgactgatgatggcgttactagaatcaaagatcaaggtatacagacctta

agtggggatactgcaacaccggttgttaaaccaaatgctaaaaaagcaatacgtgataaagcaacgaaacaaagg
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gaaattatcaatgcaacaccagatgctactgaagacgagattcaagatgcactaaatcaattagctacggatgaa

acagatgctattgataatgttacgaatgctactacaaatgctgacgttgaaacagctaaaaataatggcatcaat

actattggagcagttgttcctcaagtaactcataaaaaagctgcaagagatgcaattaaccaagcaacagcaacg

aaaagacaacaaataaatagtaatagagaagcaactcaggaagagaaaaatgcagcattgaacgaattaactcaa

gcaaccaaccatgctttagaacaaatcaatcaagcaacaacaaatgctaatgttgataacgccaaaggagatggt

ctaaatgccattaatccaattgctcctgtaactgttgttaagcaagctgcaagggatgccgtatcacatgatgca

caacaacatatcgcagagatcaatgctaatcctgatgcgactcaagaagaaagacaagcagcaattgacaaagtg

aatgctgctgtaactgcagcaaacacaaacattttaaacgctaataccaatgctgatgttgaacaagtaaagaca

aatgcgattcaaggaatacaagcaattacaccagctacaaaagtaaaaacagatgcaaaaaatgccatcgataaa

agtgcggaaacgcaacataatacgatatttaataataatgatgcgacgctcgaagaacaacaagcagcacaacaa

ttacttgatcaagctgtagccacagcgaagcaaaatattaatgcagcagatacgaatcaagaagttgcacaagca

aaagatcagggcacacaaaatatagtagtgattcaaccggcaacacaagttaaaacggatactcgcaatgttgta

aatgataaagcgcgagaggcgataacaaatatcaatgctacaactggcgcgactcgagaagagaaacaagaagcg

ataaatcgtgtcaatacacttaaaaatagagcattaactgatattggtgtgacgtctactactgcgatggtcaat

agtattagagacgatgcagtcaatcaaatcggcgcagttcaaccgcatgtaacgaagaaacaaactgctacaggt

gtattaaatgatttagcaactgctaaaaagcaagaaattaatcaaaacacaaatgcaacaactgaagaaaagcaa

gtggctttaaatcaagtggatcaagagttagcaacggcaattaataatataaatcaagctgatacaaatgcggaa

gtagatcaagcgcaacaattaggtacaaaagcaattaatgcgattcagccaaatattgttaaaaaacctgcagca

ttagcacaaatcaatcagcattataatgctaaattagctgaaatcaatgctacaccagatgcaacgaatgatgag

aaaaatgctgcgatcaatactttaaatcaagacagacaacaagctattgaaagtattaaacaagctaacacaaat

gcagaagtagaccaagctgcgacagtagcagagaataatatcgatgctgttcaagttgatgtagtaaaaaaacaa

gcagcgcgagataaaatcactgctgaagtggcgaagcgtattgaagcggttaaacaaacacctaatgcaactgac

gaagaaaagcaggctgctgttaatcaaatcaatcaacttaaagatcaagcaattaatcaaattaatcaaaaccaa

acaaatgatcaggtagacacaactacaaatcaagcggtaaatgctatagataatgttgaagctgaagtagtaatt

aaaacaaaggcaattgcagatattgaaaaagctgttaaagaaaagcaacagcaaattgataatagtcttgattca

acagataatgagaaagaagttgcttcacaagcattagctaaagaaaaagaaaaagcacttgcagctattgaccaa

gctcaaacgaatagtcaggtgaatcaagcagcaacaaatggtgtatcagcgattaaaattattcaacctgaaaca

aaagttaaaccagctgcacgtgaaaaaatcaatcaaaaagcgaatgaattacgtgctaagattaatcaggataaa

gaagcaacagcagaagaaagacaagtagcactagataaaatcaatgaatttgtaaatcaagccatgacagatatt

acgaataatagaacaaatcaacaagttgatgatacaacgagtcaagcgcttgatagcattgctttagtgacgcct

gaccatattgttagagcagctgctagagatgcagttaagcaacaatatgaagctaaaaagcgcgaaattgagcaa

gcggaacatgcgactgatgaagaaaaacaagttgctttaaatcaattagcgaataatgaaaaacgtgcattacaa

aacatcgatcaagcaatagcgaataatgatgtgaaacgtgttgaaacaaatggcattgctacactaaaaggtgta

caacctcatattgtaattaagcctgaagcacaacaagcaataaaagcaagtgcagaaaatcaagtagaatcaata

aaagatacaccacatgcaacagttgatgaattagatgaagcgaatcaattaattagcgacacactcaaacaagcg

caacaagaaatagaaaatacaaatcaagatgctgctgttactgatgttagaaatcaaacaatcaaggcaatagag

caaataaaacctaaagtaagacgtaaacgagctgcgcttgatagcattgaagaaaataataaaaatcaactcgat

gcaatccgaaatacgttggatactactcaagatgaaagagatgttgctattgatactttaaataaaattgtaaat

acaattaaaaatgacattgcacaaaacaaaacgaatgcagaagtggatcgaactgagactgatggcaacgacaac

atcaaagtgattttacctaaagttcaagttaaaccagcagcgcgtcaatctgttggtgtaaaagccgaagctcaa

aatgcactaatcgatcaaagcgatttatcaactgaagaagaaagactagctgctaaacatttagtagaacaagca

cttaatcaggctattgatcagatcaatcatgcagataagactgcccaagttaatcaagatagtataaatgctcaa

aatattatttcaaaaattaaaccagcgacaacagttaaagcaacagcattacaacaaattcaaaatatcgctaca

aataaaattaatttaattaaagcaaataacgaagcgacagatgaagaacaaaatattgcaatagcacaagttgaa

aaagagttaattaaagctaaacaacaaattgctagtgcagtgactaatgcagatgtggcatatttattgcatgat

gagaaaaacgaaattcgtgaaatcgaacctgttattaacagaaaggcgtctgctcgagaacaattgacaacatta

ttcaacgataaaaaacaagcaattgaagcgaatattcaagcaacggtagaagaaagaaatagtatattagcacag

ttacaaaatatttatgacactgctattggacaaattgatcaagatcgtagcaatgcacaagttgataaaacagca

tcattaaatctacaaacaatacatgatttagatgtacatcctattaaaaagccagatgctgaaaaaacgattaat

gatgatcttgcacgcgtcactgctttagtgcaaaattatcgaaaagtaagtaatcgtaataaggctgatgcatta

aaagctataactgctttaaaattacaaatggatgaagaattaaaaacagcacgcactaatgctgatgttgatgca

gttttaaaacgatttaatgttgcattaagcgatatagaagcagaaaatttatacttccaaggtcatcatcaccat

catcaccatcaccatcat 

 

MGGGFARSVDAENAVNKKVDQMEDLVNQNDELTDEEKQAAIQVIEEHKNEIIGNIGDQTT 

DDGVTRIKDQGIQTLSGDTATPVVKPNAKKAIRDKATKQREIINATPDATEDEIQDALNQ 

LATDETDAIDNVTNATTNADVETAKNNGINTIGAVVPQVTHKKAARDAINQATATKRQQI 

NSNREATQEEKNAALNELTQATNHALEQINQATTNANVDNAKGDGLNAINPIAPVTVVKQ 

AARDAVSHDAQQHIAEINANPDATQEERQAAIDKVNAAVTAANTNILNANTNADVEQVKT 

NAIQGIQAITPATKVKTDAKNAIDKSAETQHNTIFNNNDATLEEQQAAQQLLDQAVATAK 

QNINAADTNQEVAQAKDQGTQNIVVIQPATQVKTDTRNVVNDKAREAITNINATTGATRE 

EKQEAINRVNTLKNRALTDIGVTSTTAMVNSIRDDAVNQIGAVQPHVTKKQTATGVLNDL 

ATAKKQEINQNTNATTEEKQVALNQVDQELATAINNINQADTNAEVDQAQQLGTKAINAI 

QPNIVKKPAALAQINQHYNAKLAEINATPDATNDEKNAAINTLNQDRQQAIESIKQANTN 

AEVDQAATVAENNIDAVQVDVVKKQAARDKITAEVAKRIEAVKQTPNATDEEKQAAVNQI 

NQLKDQAINQINQNQTNDQVDTTTNQAVNAIDNVEAEVVIKTKAIADIEKAVKEKQQQID 

NSLDSTDNEKEVASQALAKEKEKALAAIDQAQTNSQVNQAATNGVSAIKIIQPETKVKPA 

AREKINQKANELRAKINQDKEATAEERQVALDKINEFVNQAMTDITNNRTNQQVDDTTSQ 
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ALDSIALVTPDHIVRAAARDAVKQQYEAKKREIEQAEHATDEEKQVALNQLANNEKRALQ 

NIDQAIANNDVKRVETNGIATLKGVQPHIVIKPEAQQAIKASAENQVESIKDTPHATVDE 

LDEANQLISDTLKQAQQEIENTNQDAAVTDVRNQTIKAIEQIKPKVRRKRAALDSIEENN 

KNQLDAIRNTLDTTQDERDVAIDTLNKIVNTIKNDIAQNKTNAEVDRTETDGNDNIKVIL 

PKVQVKPAARQSVGVKAEAQNALIDQSDLSTEEERLAAKHLVEQALNQAIDQINHADKTA 

QVNQDSINAQNIISKIKPATTVKATALQQIQNIATNKINLIKANNEATDEEQNIAIAQVE 

KELIKAKQQIASAVTNADVAYLLHDEKNEIREIEPVINRKASAREQLTTLFNDKKQAIEA 

NIQATVEERNSILAQLQNIYDTAIGQIDQDRSNAQVDKTASLNLQTIHDLDVHPIKKPDA 

EKTINDDLARVTALVQNYRKVSNRNKADALKAITALKLQMDEELKTARTNADVDAVLKRF 

NVALSDIEAENLYFQGHHHHHHHHHH 

 
 
D0118_2Cys 
cgaagtgttgatgctgaaaatgcagttaataaaaaagttgaccaaatggaagatttagttaatcaaaatgatgaa

ttgacagatgaagaaaaacaagcagcaatacaagttatcgaggaacataaaaatgaaataattggtaatattggt

gaccaaacgactgatgatggcgttactagaatcaaagatcaaggtatacagaccttaagtggggatactgcatgt

ccggttgttaaaccaaatgctaaaaaagcaatacgtgataaagcaacgaaacaaagggaaattatcaatgcaaca

ccagatgctactgaagacgagattcaagatgcactaaatcaattagctacggatgaaacagatgctattgataat

gttacgaatgctactacaaatgctgacgttgaaacagctaaaaataatggcatcaatactattggagcagttgtt

cctcaagtaactcataaaaaagctgcaagagatgcaattaaccaagcaacagcaacgaaaagacaacaaataaat

agtaatagagaagcaactcaggaagagaaaaatgcagcattgaacgaattaactcaagcaaccaaccatgcttta

gaacaaatcaatcaagcaacaacaaatgctaatgttgataacgccaaaggagatggtctaaatgccattaatcca

attgctcctgtaactgttgttaagcaagctgcaagggatgccgtatcacatgatgcacaacaacatatcgcagag

atcaatgctaatcctgatgcgactcaagaagaaagacaagcagcaattgacaaagtgaatgctgctgtaactgca

gcaaacacaaacattttaaacgctaataccaatgctgatgttgaacaagtaaagacaaatgcgattcaaggaata

caagcaattacaccagctacaaaagtaaaaacagatgcaaaaaatgccatcgataaaagtgcggaaacgcaacat

aatacgatatttaataataatgatgcgacgctcgaagaacaacaagcagcacaacaattacttgatcaagctgta

gccacagcgaagcaaaatattaatgcagcagatacgaatcaagaagttgcacaagcaaaagatcagggcacacaa

aatatagtagtgattcaaccggcaacacaagttaaaacggatactcgcaatgttgtaaatgataaagcgcgagag

gcgataacaaatatcaatgctacaactggcgcgactcgagaagagaaacaagaagcgataaatcgtgtcaataca

cttaaaaatagagcattaactgatattggtgtgacgtctactactgcgatggtcaatagtattagagacgatgca

gtcaatcaaatcggcgcagttcaaccgcatgtaacgaagaaacaaactgctacaggtgtattaaatgatttagca

actgctaaaaagcaagaaattaatcaaaacacaaatgcaacaactgaagaaaagcaagtggctttaaatcaagtg

gatcaagagttagcaacggcaattaataatataaatcaagctgatacaaatgcggaagtagatcaagcgcaacaa

ttaggtacaaaagcaattaatgcgattcagccaaatattgttaaaaaacctgcagcattagcacaaatcaatcag

cattataatgctaaattagctgaaatcaatgctacaccagatgcaacgaatgatgagaaaaatgctgcgatcaat

actttaaatcaagacagacaacaagctattgaaagtattaaacaagctaacacaaatgcagaagtagaccaagct

gcgacagtagcagagaataatatcgatgctgttcaagttgatgtagtaaaaaaacaagcagcgcgagataaaatc

actgctgaagtggcgaagcgtattgaagcggttaaacaaacacctaatgcaactgacgaagaaaagcaggctgct

gttaatcaaatcaatcaacttaaagatcaagcaattaatcaaattaatcaaaaccaaacaaatgatcaggtagac

acaactacaaatcaagcggtaaatgctatagataatgttgaagctgaagtagtaattaaaacaaaggcaattgca

gatattgaaaaagctgttaaagaaaagcaacagcaaattgataatagtcttgattcaacagataatgagaaagaa

gttgcttcacaagcattagctaaagaaaaagaaaaagcacttgcagctattgaccaagctcaaacgaatagtcag

gtgaatcaagcagcaacaaatggtgtatcagcgattaaaattattcaacctgaaacaaaagttaaaccagctgca

cgtgaaaaaatcaatcaaaaagcgaatgaattacgtgctaagattaatcaggataaagaagcaacagcagaagaa

agacaagtagcactagataaaatcaatgaatttgtaaatcaagccatgacagatattacgaataatagaacaaat

caacaagttgatgatacaacaagtcaagcgcttgatagcattgctttagtgacgcctgaccatattgttagagca

gctgctagagatgcagttaagcaacaatatgaagctaaaaagcgcgaaattgagcaagcggaacatgcgactgat

gaagaaaaacaagttgctttaaatcaattagcgaataatgaaaaacgtgcattacaaaacatcgatcaagcaata

gcgaataatgatgtgaaacgtgttgaaacaaatggcattgctacactaaaaggtgtacaacctcatattgtaatt

aagcctgaagcacaacaagcaataaaagcaagtgcagaaaatcaagtagaatcaataaaagatacaccacatgca

acagttgatgaattagatgaagcgaatcaattaattagcgacacactcaaacaagcgcaacaagaaatagaaaat

acaaatcaagatgctgctgttactgatgttagaaatcaaacaatcaaggcaatagagcaaataaaacctaaagta

agacgtaaacgagctgcgcttgatagcattgaagaaaataataaaaatcaactcgatgcaatccgaaatacgttg

gatactactcaagatgaaagagatgttgctattgatactttaaataaaattgtaaatacaattaaaaatgacatt

gcacaaaacaaaacgaatgcagaagtggatcgaactgagactgatggcaacgacaacatcaaagtgattttacct

aaagttcaagttaaaccagcagcgcgtcaatctgttggtgtaaaagccgaagctcaaaatgcactaatcgatcaa

agcgatttatcaactgaagaagaaagactagctgctaaacatttagtagaacaagcacttaatcaggctattgat

cagatcaatcatgcagataagactgcccaagttaatcaagatagtataaatgctcaaaatattatttcaaaaatt

aaaccagcgacaacagttaaagcaacagcattacaacaaattcaaaatatcgctacaaataaaattaatttaatt

aaagcaaataacgaagcgacagatgaagaacaaaatattgcaatagcacaagttgaaaaagagttaattaaagct

aaacaacaaattgctagtgcagtgactaatgcagatgtggcatatttattgcatgatgagaaaaacgaaattcgt

gaaatcgaacctgttattaacagaaaggcgtctgctcgagaacaattgacaacattattcaacgataaaaaacaa

gcaattgaagcgaatattcaagcaacggtagaagaaagaaatagtatattagcacagttacaaaatatttatgac

actgctattggacaaattgatcaagatcgtagcaatgcacaagttgataaaacagcatcattaaatctacaaaca

atacatgatttagatgtatgtcctattaaaaagccagatgctgaaaaaacgattaatgatgatcttgcacgcgtc

actgctttagtgcaaaattatcgaaaagtaagtaatcgtaataaggctgatgcattaaaagctataactgcttta
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aaattacaaatggatgaagaattaaaaacagcacgcactaatgctgatgttgatgcagttttaaaacgatttaat

gttgcattaagcgatatagaagca 

 

MGGGFARSVDAENAVNKKVDQMEDLVNQNDELTDEEKQAAIQVIEEHKNEIIGNIGDQTT 

DDGVTRIKDQGIQTLSGDTACPVVKPNAKKAIRDKATKQREIINATPDATEDEIQDALNQ 

LATDETDAIDNVTNATTNADVETAKNNGINTIGAVVPQVTHKKAARDAINQATATKRQQI 

NSNREATQEEKNAALNELTQATNHALEQINQATTNANVDNAKGDGLNAINPIAPVTVVKQ 

AARDAVSHDAQQHIAEINANPDATQEERQAAIDKVNAAVTAANTNILNANTNADVEQVKT 

NAIQGIQAITPATKVKTDAKNAIDKSAETQHNTIFNNNDATLEEQQAAQQLLDQAVATAK 

QNINAADTNQEVAQAKDQGTQNIVVIQPATQVKTDTRNVVNDKAREAITNINATTGATRE 

EKQEAINRVNTLKNRALTDIGVTSTTAMVNSIRDDAVNQIGAVQPHVTKKQTATGVLNDL 

ATAKKQEINQNTNATTEEKQVALNQVDQELATAINNINQADTNAEVDQAQQLGTKAINAI 

QPNIVKKPAALAQINQHYNAKLAEINATPDATNDEKNAAINTLNQDRQQAIESIKQANTN 

AEVDQAATVAENNIDAVQVDVVKKQAARDKITAEVAKRIEAVKQTPNATDEEKQAAVNQI 

NQLKDQAINQINQNQTNDQVDTTTNQAVNAIDNVEAEVVIKTKAIADIEKAVKEKQQQID 

NSLDSTDNEKEVASQALAKEKEKALAAIDQAQTNSQVNQAATNGVSAIKIIQPETKVKPA 

AREKINQKANELRAKINQDKEATAEERQVALDKINEFVNQAMTDITNNRTNQQVDDTTSQ 

ALDSIALVTPDHIVRAAARDAVKQQYEAKKREIEQAEHATDEEKQVALNQLANNEKRALQ 

NIDQAIANNDVKRVETNGIATLKGVQPHIVIKPEAQQAIKASAENQVESIKDTPHATVDE 

LDEANQLISDTLKQAQQEIENTNQDAAVTDVRNQTIKAIEQIKPKVRRKRAALDSIEENN 

KNQLDAIRNTLDTTQDERDVAIDTLNKIVNTIKNDIAQNKTNAEVDRTETDGNDNIKVIL 

PKVQVKPAARQSVGVKAEAQNALIDQSDLSTEEERLAAKHLVEQALNQAIDQINHADKTA 

QVNQDSINAQNIISKIKPATTVKATALQQIQNIATNKINLIKANNEATDEEQNIAIAQVE 

KELIKAKQQIASAVTNADVAYLLHDEKNEIREIEPVINRKASAREQLTTLFNDKKQAIEA 

NIQATVEERNSILAQLQNIYDTAIGQIDQDRSNAQVDKTASLNLQTIHDLDVCPIKKPDA 

EKTINDDLARVTALVQNYRKVSNRNKADALKAITALKLQMDEELKTARTNADVDAVLKRF 

NVALSDIEAENLYFQGHHHHHHHHHH 

 
 
S03 
atgggcagcagccatcatcatcatcatcacagcagcggcctggaagttctgttccagggaccagcaatggccccg

acctacaaagccacccatgagttcatgagcggcacaccgggtaaagaactgcctcaagaggtgaaggatctgctg

cctgcagatcaaaccgacctgaaggatggcagtcaagccaccccgacacagccgagcaaaacagaagtgaagaca

gccgagggcacctggagcttcaaaagctatgacaaaaccagcgagaccattaacggcgcagatgcccactttgtg

ggcacctgggaatttaccccggcctaa 

 

MGSSHHHHHHSSGLEVLFQGPAMAPTYKATHEFMSGTPGKELPQEVKDLLPADQTDLKDG 

SQATPTQPSKTEVKTAEGTWSFKSYDKTSETINGADAHFVGTWEFTPA 

 
 
S0304 
atgggcagcagccatcatcatcatcatcacagcagcggcctggaagttctgttccagggaccagcaatggccccg

acctacaaagccacccatgagttcatgagcggcacaccgggtaaagaactgcctcaagaggtgaaggatctgctg

cctgcagatcaaaccgacctgaaggatggcagtcaagccaccccgacacagccgagcaaaacagaagtgaagaca

gccgagggcacctggagcttcaaaagctatgacaaaaccagcgagaccattaacggcgcagatgcccactttgtg

ggcacctgggaatttaccccggccccgacatacaaggccacccacgagtttgtgagcggtacaccgggcaaagaa

ctgccgcaggaagttaaagatctgctgccggccgaccagaccgacctgaaagatggtagccaggcaaccccgacc

caaccgagcaagacagaagtgaaaaccaccgaaggcacctggagcttcaagagttatgataagaccagcgaaacc

attaatggcgccgatgcccattttgttggtacctgggaattcaccccggcataa 

 

MGSSHHHHHHSSGLEVLFQGPAMAPTYKATHEFMSGTPGKELPQEVKDLLPADQTDLKDG 

SQATPTQPSKTEVKTAEGTWSFKSYDKTSETINGADAHFVGTWEFTPAPTYKATHEFVSG 

TPGKELPQEVKDLLPADQTDLKDGSQATPTQPSKTEVKTTEGTWSFKSYDKTSETINGAD 

AHFVGTWEFTPA 

 
 
S0304_P704A,P706A 
atgggcagcagccatcatcatcatcatcacagcagcggcctggaagttctgttccagggaccagcaatggcgccg

acctacaaagcgacccatgagttcatgagcggcacaccgggtaaagaactgcctcaagaggtgaaggatctgctg

cctgcagatcaaaccgacctgaaggatggcagtcaagccaccccgacacagccgagcaaaacagaagttaagaca

gccgagggtacctggagctttaaaagctatgacaaaaccagcgagaccattaacggcgcagatgcccactttgtg 

ggcacctgggaatttactgcggccgcgacatacaaggccacccacgagtttgtgagcggtacaccgggcaaagaa

ctgccgcaggaagttaaagacctgctgccggccgaccagaccgacctgaaagatggtagccaggcaaccccgacc

caaccgagcaagacagaagtgaaaaccaccgaaggcacctggagcttcaagagttatgataagaccagcgaaacc

attaatggcgccgatgcccattttgttggtacctgggaattcaccccggcataa 
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MGSSHHHHHHSSGLEVLFQGPAMAPTYKATHEFMSGTPGKELPQEVKDLLPADQTDLKDG 

SQATPTQPSKTEVKTAEGTWSFKSYDKTSETINGADAHFVGTWEFTAAATYKATHEFVSG 

TPGKELPQEVKDLLPADQTDLKDGSQATPTQPSKTEVKTTEGTWSFKSYDKTSETINGAD 

AHFVGTWEFTPA 
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