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Abstract 

Viral DNA-packaging motors are molecular machines that enable viruses to replicate by 

providing the means of storing the viral genome into empty procapsids. In double stranded 

DNA bacteriophages the molecular motor is comprised by three elements: the portal protein and 

the small and large terminases. The portal protein nucleates polymerisation of the capsid and 

scaffold proteins, initiating procapsid assembly, besides allowing passage of DNA. The small 

terminase recognises the viral genome and presents it to the large terminase which possesses 

both nuclease activity to cleave concatemeric DNA at the initiation of the packaging, and 

ATPase activity to drive translocation.  

Although currently several X-ray structures for the different components of the motor from 

different bacteriophages are available fundamental questions regarding the DNA recognition 

mechanism, stoichiometry and orientation of the motor components in vivo and the mechanism 

of ATP-driven DNA-translocation remain.  This project focused on elucidating the X-ray crystal 

structures of (i) the major capsid protein, from Bacillus subtilis bacteriophage SPP1 and (ii ) the 

small terminase protein from Thermus thermophilus bacteriophage G20C. 

Several constructs of the SPP1 capsid protein, including truncations at the N- and C-termini, 

single and double mutants and engineered proteins were generated in order to produce a protein 

suitable for crystallisation. Mutant uG13P;T104Y;A261W was the only construct that produced 

native and Se-Met crystals. The X-ray structure of the SPP1 capsid protein was determined at 

3.0 Å resolution by single wavelength anomalous diffraction. The structure exhibited the HK97-

fold consisting of the axial and peripheral domains and the extended E-loop.  

The X-ray structure of the small terminase from phage G20C was solved at 2.5 Å resolution by 

single wavelength anomalous diffraction. The structure consisted of circular nine-mers where 

the N- terminal domains of each subunit reside at the periphery of the assembly and the C-

terminal oligomerisation domains form a central channel. The conserved structural features 

between small terminases suggest that the DNA-recognition mechanism might be conserved. 

DNA-binding experiments demonstrated that the G20C small terminase binds to viral and non-

viral DNA with both the N- and C- terminal domains playing an important role.  

The structural information generated from these two elements of SPP1 and G20C 

bacteriophages provides insight into two different aspects of the assembly process: (i) how the 

capsid proteinôs conformational plasticity may assist the assembly and (ii) DNA-recognition 

during virus particle construction. This information is critical for understanding similar 

processes in other viruses, in particular, in the evolutionarily related herpes viruses. 
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Authorôs preface 

 

This thesis describes the experimental work performed on producing, purifying, crystallising 

and solving the X-ray structure of two phage proteins, one from the SPP1 and one from the 

G20C bacteriophages. Structural data are analysed in order to gain insight into the phage 

assembly and in particular, into DNA packaging. 

The introduction provides the reader with the necessary information, ordered to follow the 

content to acquire a general perspective of the knowledge available for their counterparts in 

other dsDNA phages. Moreover, the introduction highlights questions regarding DNA-

translocation that remain unclear to date and that several research groups around the world 

strive to answer. Due to the Antson Laboratoryôs long history of working with the SPP1 phage 

as a model regarding the single components of the molecular motor, and the amount of 

biochemical data available for this system from other laboratories, the SPP1 molecular motor is 

used as a reference point in the introduction in the same way as the HK97 capsid protein serves 

as a reference for the common fold in capsid proteins in dsDNA phages.  

The outcome of this four-year project is organised in eight chapters that describe the efforts to 

produce crystals of the SPP1 capsid protein and G20C small terminase, the progress made in 

elucidating the X-ray structure of each protein and the biochemical characterisation of the G20C 

small terminase. A wealth of data was produced, however, only the most relevant information 

for the project will be presented. Where necessary, additional data will be presented in figures, 

tables or appendices. Not-shown data will also be referred to where similar results were found in 

repeated experiments.  

Most of the protocols used to develop this project are common practice in protein production 

laboratories or X-ray crystallography facilities, therefore just a brief description of each protocol 

will be provided, with the understanding that the specific settings were varied for each protein 

or construct in turn.   

Finally, it is important to mention the significance of studying each protein. For SPP1, there are 

X-ray structures for the large terminase nuclease domain, portal protein and small terminase 

from the SPP1-like phage SF6, all from the Antson Laboratory. NMR structures are available 

for proteins connecting the portal with the tail and 3D cryo-EM reconstructions are available for 

the whole capsid and tail (as detailed in the Introduction section). The crystal structure of the 

capsid protein will account for one of the key structural components of the phage. Structural 

plasticity of this protein plays a key role during capsid maturation and capsid assembly allowing 

(i) construction of 5-fold and 6-fold symmetrical circular assemblies that are the building blocks 
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of the capsid and (ii) controlling changes in capsidôs shape and volume during different steps in 

its assembly.  

Investigation of the G20C small terminase adds one more structure to the available collection of 

small terminase structures. How exactly this protein interacts with DNA remains a matter of 

debate in the scientific community. Thus biochemical and structural characterisation of the 

G20C small terminase is valuable for understanding how this protein functions. Moreover, to 

date little is known about proteins from thermophilic phages, and no accurate structural 

information was available about their components.  
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Chapter 1 

1. Introd uction  

1.1 dsDNA bacteriophages SPP1 and G20C 

Bacteriophages, or phages, are viruses whose hosts are bacteria, and are the most abundant 

organisms on earth (1). They can be classified according to the type of infection they produce 

(lytic or lysogenic), the genome nucleic acid type they contain and the morphology and 

symmetry of their capsid (2).  

Double stranded (ds) DNA tailed bacteriophages belong to the order Caudovirales, that is 

further divided into three main families: Myoviridae that includes phages with contractile tails; 

Podoviridae, with phages that have short non-contractile tails, and Siphoviridae, that groups 

phages with long non-contractile tails (2). 

The mesophilic Siphovirus SPP1 that infects the Gram-positive rod bacterium Bacillus subtilis 

was isolated from soil and initially characterised by Riva et al (3). Subsequently, other research 

groups sequenced the complete genome (4) and characterised genomic sections comprising the 

DNA-packaging operon (5). The 44,007 bp long SPP1 genome contains 81 orfs organised in 

five early and four late operons (GenBank accession code: NC_004166.2) (4). Examples of the 

identified proteins include the products of genes 1 and 2 (G1P and G2P), which correspond to 

the small and large terminase subunits, respectively. G6P, G7P, G11P, G12P, and G13P were 

identified respectively as the structural proteins: portal protein, minor head protein, scaffolding, 

decoration and capsid (also known as head protein or major coat protein) proteins (4).  

Thermus thermophilus phage G20C, a thermophilic Siphovirus, was isolated from hot springs in 

the Kamchatka region in Siberia, Russia (6). The G20C genome, which is 81,159 bp long, 

shares high DNA sequence homology with the thermophilic phages P23-45 and P74-26 

(GenBank codes EU100883.1 and EU100884.1) (7). From the 117 putative orfs predicted for 

phage P23-45, a number of encoded proteins were annotated on the basis of their homology to 

proteins or domains with known function and on the basis of genomic context. Examples of 

putative proteins are the large terminase, portal, scaffolding and capsid proteins, encoded by 

genes 85, 86, 87, and 89 respectively (7).  

1.2 Assembly of dsDNA viruses 

dsDNA bacteriophages exhibit a general assembly process (Figure 1), although particular stages 

are present for distinct phages. Initially, multiple copies of the capsid protein are polymerised 

around the portal protein by the scaffolding protein to form an empty procapsid (prohead). Once 
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the procapsid is complete the complex of concatemeric DNA-small and large terminases is 

docked to the portal protein to start the ATP-fuelled translocation of DNA, beginning with the 

priming of the lead end of the DNA by cleavage at the genome pac site. The hetero oligomer 

formed by the portal protein and terminase subunits is called the molecular motor. After a one-

genome length fragment has been packaged, the concatemer bound-small and large terminase 

complex leaves to find another empty procapsid and repeat the cycle. The final step to produce 

the infective phage is the attachment of completion proteins to the portal vertex to avoid the 

leakage of DNA from the capsid and mediate in the docking of the tail. Minor completion 

proteins, decoration and/or glue proteins may also be involved at certain stages of the assembly 

(8-10).  

 

Figure 1. General assembly process in dsDNA bacteriophages 

Figure adapted from Lebedev et al (11). 

 

In the following sections, the SPP1 molecular motor will be described in detail as an example of 

molecular motors found in dsDNA phages. Although this project involved X-ray structure 

determination of the small terminase from another Siphovirus, G20C bacteriophage, close 

evolutionary relationship suggests that any data on this protein will be relevant also to other 

phages. 

1.3 DNA-packaging molecular motor 

The components of the molecular motor from phage SPP1 are the portal protein (G6P), the 

small (G1P) and large (G2P) terminase proteins (Figure 2) (12).  

1.3.1 Small terminase 

The translocation of DNA starts when the small terminase (ST) protein is believed to 

specifically recognise the viral genomic DNA synthesised by the host machinery from an 

environment that also contains host DNA. More information about the nature of ST-DNA 

interaction is presented in sections 1.9 and 1.10. Once the ST has recognised DNA it presents it 

to the large terminase (LT) which makes a cut that generates a free end in the DNA concatemer 
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(see section 1.3.2 ) (9,10). In some phages it has been shown that the ST regulates the large 

terminase enzymatic activities (13-15). 

 

Figure 2. Model of SPP1 molecular motor 

Portal protein (blue), large terminase (cyan) and small terminase (magenta) are docked to reflect 

biochemical data, but no structure of a complex is available. The portal and ST models are derived from 

PDB entries 2JES and 3ZQQ (11,16). Large terminase PDB 3CPE (17). DNA is in yellow. All figures, 

unless otherwise indicated, were made using CCP4mg (18) 

The SPP1 ST has been the focus of extensive work, leading to the accumulation of a vast 

amount of biochemical and structural data that has allowed partial understanding of how the ST 

interacts with a specific region of DNA (5,19,20) and how it is related to the ST from other 

phages (21).  

In 2012, the X-ray structure of the ST from phage SF6, another Siphovirus closely related to 

SPP1 (16,21) was solved. Besides sharing 82 % sequence identity and exhibiting similar domain 

arrangement (21), SF6 ST is able to supply the small terminase function to SPP1 phages 

defective in gene 1 (21). 

The SF6 full-length ST forms ring-like structures of nine subunits in solution and in the crystal 

(Figure 3a). The nine subunits define a central channel that consists of two structural parts: a 

nine ɓ-stranded barrel on top, and the base at the bottom of the assembly, formed by the N-

terminal domains and the central oligomerisation domain (OD) of the monomer. The OD is 

composed by two short antiparallel Ŭ-helices and one ɓ-hairpin. The N- terminal domain (NTD) 

of every subunit consists of the DNA-binding domain, which hangs at the periphery of the ring 

(16). More details and figures about the SF6 ST and that from other dsDNA phages are given in 

section 1.8. 

1.3.2 Large terminase 

One LT subunit is a dual-activity enzyme, one activity of which is to cleave the concatemeric 

DNA twice to produce single genome-length DNA fragments, after the ST has recognised its 

binding site. The second enzymatic activity, ATPase, provides the energy required for the 

molecular motor to translocate DNA into the procapsid (9,22). The endonuclease and ATPase 
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activities are associated with the C- and N-termini, respectively. Additionally, both the C- and 

N-terminal domains comprise interaction sites with the portal protein and ST (Figure 2) (23-25).  

 

Figure 3. X-ray structures of the individual components of the SPP1 molecular motor 

(a) Full-length SF6 ST oligomer (left) and monomer (right) (PDB 3ZQQ). The DBDs and OD are 

highlighted with dashed lines. (b) SPP1 LT nuclease domain (PDB 2WBN). The ɓ-strands in the core and 

ɓ-hairpin are numbered. (c) SPP1 portal protein (13-mer, left) and monomer (right) (PDB 2JES). 

Domains are indicated by dashed ovals. All the structures, except the inset are to scale. 
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It has been showed that G2P FL is a monomer in solution (13). The X-ray structure of the C-

terminal nuclease domain of SPP1 LT was determined at 1.9 Å resolution, showing that the 

G2P_ȹN construct comprises seven ɓ-strands with a set of Ŭ-helices at each side of the ɓ-sheet 

and a short ɓ-hairpin at the C-terminus (Figure 3b) (22). The fold of the RNase H endonucleases 

family (26) was identified suggesting that SPP1 LT might possess a similar catalytic 

mechanism.  

Furthermore, several acidic residues and His400 were shown to be important for the cleavage of 

DNA and the C-terminal ɓ-hairpin movements were implicated in switching the nuclease 

activity on and off (22).  

1.3.3 Portal protein 

The portal protein is a 12-subunit homo-oligomer embedded in the capsid, replacing one of the 

12 pentamers of the capsid icosahedron (27,28). Besides providing the passage of DNA from 

the protoplasm to the interior of the capsid during the assembly and in the reverse direction 

during host infection, the portal protein is believed to provide the site for the scaffolding 

protein, SPP1 G11P, to associate and thus to begin polymerising the assembly of the major 

capsid protein, G13P (29,30). The cryo-EM structure showed that the functional oligomerisation 

state of the portal protein is a 12-subunit ring-like structure that forms a central channel through 

which the DNA is translocated. However, subsequent determination of the X-ray crystal 

structure of recombinantly expressed G6P in E. coli showed that a 13-subunit assembly is 

formed which is also shown to exist in solution (11,28,31). The G6P X-ray structure provided 

information about the interaction of the portal protein with DNA, highlighting the potentially 

key role of the portal proteinôs tunnel loops in DNA translocation (11).  

G6P is a mixed Ŭ/ɓ structure composed of four domains, named from top to bottom, crown, 

wing, stem and clip (Figure 3). The stem and wing make contact with the capsid protein, while 

the clip interacts with the terminase complex. The tunnel loop, mentioned above, comprises 21 

residues connecting the twisted helices Ŭ6 with Ŭ5. Its movement is likely to accompany DNA 

translocation through the portal (11). 

The 13-mer has an inner diameter at its most constricted portion, defined by tunnel loops, of 

27.7 Ȕ (vdW diameter). In the functional 12-mer assembly, however, the internal diameter of 

this ring is reduced to 18.1 Ȕ. The position of the loop in the 13- and 12-mer structures differs 

by ~ 3 Å shift along the tunnel axis, demonstrating potential movement of these loops in the 

protein. (11) 

The translocation model proposed by Lebedev et al overcomes the reduced diameter of the 

tunnel that would imply clashes between DNA sugar phosphates and the tunnel loops by 

introducing two structural rearrangements. First, it was proposed that the DNA is shifted so that 
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it is no longer coaxial with the portal protein, in this way the major groove can be 

accommodated by approximately three loops at one time. The second rearrangement occurs 

when loops slide relative to each other in a sequential mode, as a ñMexican waveò, allowing two 

base pairs to be translocated while one ATP molecule is hydrolysed by the viral ATPase (11). 

 

1.4 Icosahedral capsid architecture 

Capsids, also known as heads or shells, are protein assemblies designed not only to contain and 

protect the viral genome, but also to transport it from one host cell to another (32).  

1.4.1 Quasiequivalence 

In many viruses, the capsid is built by the aggregation of a high number of copies of a single 

protein, but in more complex viruses two or more proteins can be involved. Such behaviour is a 

perfect example of viral efficiency; for a virus it is more economical to store the genetic 

information using only a single gene rather than two or more. In addition, when within the host 

cell, it is easier to direct the production of multiple copies of a single (or few) protein(s) rather 

than many different ones (32).  

Based on Watson and Crickôs observations about the structure of small plant viruses (33), 

Caspar and Klug postulated that only a limited number of designs for a biological container 

made up of a high number of the same protein was possible, the helical tubes and icosahedral 

particles (32).   

In helical tubes, the protein subunits are packed in helical array and every subunit lies in 

identical structural and chemical environments, except by the subunits at the top and bottom of 

the rod. As the same contacts are used by the subunits over and over through the helical array, it 

is reasonable to say that they are all in the same environment and are equivalent (32). 

The architecture of flexible filamentous viruses can be explained if some of the bonds that hold 

the helical array together are slightly distorted. Since all the bonds are no longer the same but 

the overall bonding pattern has not changed considerably, the subunits remain quasi-

equivalently related (32).  

Caspar and Klug first introduced the concept of quasi-equivalence in 1962 to argue that the 

same principles that governed the construction of helical viruses applied for virus particles with 

icosahedral symmetry (32).  

Icosahedral symmetry permits the highest number, that is 60, of identical proteins to cluster in 

spherical arrangement where they are identically accommodated, a situation that is only valid 

for small viruses (Figure 4a). To construct larger viruses, which have a higher number of 
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subunits, it is necessary to deviate from the equivalence and adopt quasi-equivalence; Individual 

subunits can be packed with slightly distorted bonds so they will lie in similar, but not exactly 

identical environments. In this way the capsid is essentially still held together by the same type 

of inter-subunit interactions, but they differ slightly for subunits in different environments (32).  

 

Figure 4. Icosahedral symmetry in capsids  

(a) Symmetry axes in a T=1 icosahedral capsid. The 2-, 3- and 5-fold axes are indicated by ovals, 

triangles and pentagons. At the most left figure the subunits on each triangular facet are represented by 

black commas. The smallest icosahedron fits three individual subunits on each triangular facet, designated 

as one unit triangle. (b) Drawing of triangular facets on a hexagonal lattice. Calculation of the T number 
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is done by selecting an origin, O, for the initial pentamer and then finding the closest pentamer centre. 

The coordinates (H,K) describe, in unit triangles, how far the pentamers are to each other in the capsid. 

One icosahedron with T=7, has either (2,1) (blue) or (1,2) (red) values. For the facet with (1,2) values, the 

closest pentamer to the origin is at position one unit triangle along the H axis and two unit triangles along 

the K axis. Facet triangles belonging to icosahedra with numbers T=1 (pink), 3 (brown), 4 (cyan), 13 

(black) and 25 (yellow) are also plotted. (c) Icosahedral asymmetric unit in a T=4 capsid. One triangular 

facet extracted from the icosahedron shows the four unit triangles and twelve subunits that form it 

(centre). One third of the triangular facet is shown at the right to highlight only one asymmetric unit 

(shadowed in purple), formed by four copies of the capsid protein. Figure adapted from Prasad & Schmid, 

2012 (34). 

 

The quasi-equivalence is clearer to understand if it is emphasised that the same subunit can form 

pentamers and hexamers (Section1.4.2). The subunits and contacts at the pentamers are different 

from those at the hexamers, however not significantly, as the environment at the five- and three-

fold axes (centre of hexamer or six-fold axis) cannot be too different because of the intrinsic 

properties of the individual subunits that forbid extreme variances.  

1.4.2 Icosahedral symmetry 

Two general shapes are commonly observed in viral capsids, helical tubes or isometric particles 

with cubic symmetry. Three types of cubic symmetry are found in isometric capsids: 

tetrahedral, octahedral and the one that is preferred by viruses, the icosahedral symmetry 

(32,34).  

One icosahedron has 20 identical facets, each defined by an equilateral triangle formed by three 

copies of the capsid protein, making it possible for the icosahedral container to accommodate 60 

copies of capsid protein, the maximum number of copies among particles with cubic symmetry, 

as there are only 12 for the tetrahedron and 28 for the octahedron (Figure 4a) (32,34).  

The icosahedrons are characterised by exhibiting 2-, 3- and 5-fold rotational symmetry axes. 

Application of these rotational symmetries to the icosahedral asymmetric unit (Section1.4.4) is 

enough to determine the complete capsid structure (Figure 4.a,c).  

Every icosahedral capsid is composed of 10T+2 morphological units (pentamers and hexamers) 

built by the same type of capsid protein (See section 1.4.3 to read more about the triangulation 

number T). The smallest viruses are formed by pentamers only, distributed symmetrically at the 

vertices of the icosahedron, making a total of twelve pentamers. Larger virus design incorporate 

hexamers, distributed on the triangular facets, that allow the architecture of the capsid to enlarge 

when required. Even though pentamers and hexamers form the shells, the assembly into 

pentamers and hexamers is not necessary before capsid formation. The number of 

morphological units can be calculated by the formula 10(T-1) hexamers + 12 pentamers (32,34). 



24 

 

1.4.3 Triangulation number 

It was mentioned earlier that the smallest icosahedral capsid can accommodate 60 subunits in 20 

triangular facets, that is 3 subunits per facet, all in identical environments (Figure 4.a). If more 

subunits are incorporated, for example in larger viruses, the triangular facet needs to be enlarged 

by the equation T=H
2
 + HK + K

2
, where T is the triangulation number and H and K are 0 or 

positive integers that represent coordinates along the H and K axes that cross at a 60° angle in 

the hexagonal lattice (Figure 4.b) (32,34-36).  

Icosahedron with T=1 has (H,K) values of (1,0) and its facet is defined as unit triangle. To find 

the T value for larger icosahedra, one origin, O, is chosen at any pentamer centre. Next, a vector 

is drawn from the origin to the closest neighbouring pentamer centre, that has certain (H,K) 

values. The triangular facet is enclosed by drawing a second vector from the point (H,K) to the 

centre of a third pentamer (Figure 4.b). Thus, the T number indicates the distance between 

pentamers and the number of unit triangles on each facet. Two capsids with (2,0) and (2,1) 

(H,K) values have numbers T=4 and T=7 with 4 and 7 unit triangles per facet, respectively 

(Figure 4.c). The number of subunits is calculated by 60T, derived from the condition that all 

icosahedra have 20 triangular facets, with T unit triangles formed by 3 subunits each: 20 x 4(or 

7) x 3 = 240 or 420 respectively (32,34-36). 

1.4.4 Icosahedral asymmetric unit  

The icosahedral asymmetric unit is defined as one third of the icosahedral triangular facet, 

which results from dividing the triangular facet into three identical parts at the three-fold axis 

(Figure 4.a,c). Producing the 60T subunits of the capsid is possible by applying 5-3-2 rotational 

symmetry to the asymmetric unit. A capsid with T=1 has one copy of the capsid protein in the 

asymmetric unit, while a capsid with T=4, has four. Thus, the triangulation number also 

describes how many copies of the capsid protein are fitted in the asymmetric unit (34).  

1.4.5 Prolate icosahedra 

Icosahedral morphologies different to the isometric version are observed in phages T4 and ű29 

(37,38), where capsids are assembled as prolate icosahedra. Prolate is the name given to 

icosahedra that present with the main cylindrical body elongated (Figure 5). Thus, these 

icosahedra are formed by two types of triangular facets, equilateral triangles at the top and 

bottom, defined by the T number, and larger triangles in the cylindrical body. The larger facets 

are defined by two different vectors, the base vector of the triangle is still determined by T= H
2
 

+ HK + K
2
, whereas the elongated sides are determined by the elongation number, Q, calculated 

by Q=H1H2 + H1K2+ K1K2. 

Figure 5 shows the pair of triangular facets for prolate capsids of both ű29 (T=3, Q=5) and T4 

(T=13l, Q=20) phages. The equilateral facets have coordinates ű29 (1,1) and T4 (3,1) while the 
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elongated sidesô coordinates are ű29 (1,2) and T4 (4,2). To draw the elongated facet, the K1 

axis becomes the H2 axis and a new K2 axis, at 60° with respect to the H2/K1 is sketched.  

 

 

Figure 5. Prolate Icosahedron 

Equilateral and elongated facets of phage ű29 are shown in blue and cyan, and those of T4 in yellow and 

red. Coordinates for each phage, the origin and axes are indicated. Figure adapted from Prasad & Schmid, 

2012 (34). 

 

1.5 HK97 capsid protein  

In 2000, the X-ray structure of the complete capsid from the dsDNA phage HK97 was 

determined at 3.6 Å resolution (Figure 6. (39). The HK97 capsid, with T=7, exhibits icosahedral 

symmetry with 12 pentamers at the vertexes and hexamers at the rest of the triangular facets. 

Through the capsid, three different levels of organisation are observed. First, residues K169 and 

N356 (shown as black balls in the asymmetric unit in Figure 6.b and in ball and stick 

representation in Figure 6.c) create isopeptide bonds between neighbouring subunits. The 

second level corresponds to the pentamers and hexamers formed by the capsid protein and the 

third one to the catenated links that create the ñchainmailò all over the capsid (39). As of 2014, 

the isopeptide bond has only been observed in the capsid of HK97 but not in other capsids. 

The asymmetric unit from HK97 has seven slightly differently folded copies of gp5, six from a 

hexamer and the seventh from a pentamer (Figure 6.b). Every monomer is an Ŭ/ɓ structure 

organised into peripheral (P-) and axial (A-) domains. The P-domain spans the quasi-three and 

two-fold axes of the capsid (Figure 6.). The main features of the peripheral domain are the 

extended loop (E-loop), helix Ŭ3ô, and residues K169 and N356, responsible of holding the 

capsid together. Whereas the P-domains interact with P-domains both from the same or 

different morphological units, the A-domains are only in close contact with A-domains from the 

same morphological unit, at the 5-fold and 6-fold symmetry axes (39). 
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Figure 6. Structure of the HK97 capsid 

(a) In the HK97 phage capsid, pentamers are shown in purple and hexamers in cyan. (b) Asymmetric unit 

extracted from the capsid. Residues are shown as black balls to illustrate their distribution in the 

asymmetric unit. (c) Individual subunit organisation. A- and P-domains are circled by dashed lines. The 

N-arm is shown in green and helix Ŭ3ô in cyan. Residues K169 and N356 are shown in ball and stick 

representation. Part a was extracted from Wikoff, et al, 2000 and used with permission of the editor (39). 

Parts b and c were made using the PDB code 1OGH.  

 

Initially, residues 1-103 facilitate and guide the assembly of the immature form of the viral 

capsid, called prohead I (procapsid I). At a later stage, residues 1-103 are cleaved off by the 

serine protease encoded by HK97 (39,40). The 29 N-terminal residues of the 104-385 protein 

construct comprise the N-arm, which within the capsid, lies beneath adjacent monomers. The 

flexibility of the N-arm and the E-loop is thought to be critical for allowing gp5 to oligomerise 

into pentamers and hexamers (39).  
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1.5.1 Structural conservation of capsid proteins 

Tailed dsDNA bacteriophages are at first glance very distant from each other since they adopt 

different morphologies and contain tails of varying length. Phages T4 and ű29 present prolate 

icosahedra (37,38), while HK97 and SPP1 adopt isometric forms (39,41). They can have 

different T/Q numbers, for example, ű29 has T=3, Q=5, T4, T=13l, Q=20 and P22, HK97, SPP1 

have T=7l numbers. In addition dsDNA bacteriophages can have somewhat different assembly 

pathways, belong to different families and infect different hosts, which can be both Gram-

positive and Gram-negative bacteria (Table 1) 

Despite all these significant differences, it has been proposed that all tailed dsDNA 

bacteriophages have evolved from a common ancestor (42). This hypothesis is supported by the 

common HK97-fold of the capsid protein, named so because the first X-ray structural data were 

obtained for the capsid of this phage (Figure 7) (39). 

Table 1. Capsid proteins in dsDNA bacteriophages 

--- Information not available. 

For particles with isometric icosahedral shape only T is shown. 

1Z1U is a theoretical model for T4 hexameric protein, gp23. 

 

Phage HK97 SPP1 T4 P22 ű29 PfV Bb_PhRP Ec_Pcp 
Family Siphoviridae Siphoviridae Myoviridae Podoviridae Podoviridae Domain 

Archaea 

--- --- 

Host E.coli B.subtilis E coli Salmonella s. 

typhimurium 

B.subtilis Pyrococcus 

furiosus 

Bordetella 

bronchiseptica 
E. coli 

 

Diameter 

(Å) 

 

660 

 

610 

 

850 width 

1150 height 

 

 

628 

Prolate: 

450 

Isometric: 

425 width 

x 540 height 

 

 

--- 

 

 

--- 

 

 

--- 

T 7l 7l T=13l 

Q=20 

7l T=3 

Q=5 

T=3 --- --- 

Protein  

gp5 

 

G13P 

gp24 

Pentamers 

gp23 

Hexamers 

 

gp5 

 

gp8 

 

--- 

 

--- 

 

--- 

Size 

(kDa) 
30.7 35 56 

48.7 

~47 49.8 38.8 34.1 39.6 

Aaôs 282cleaved 324 521 

422 

430 488 345 316 351 

Technique X-ray 

 

Cryo-EM X-ray 

Cryo-EM 

Cryo-EM 

 

Cryo -EM X-ray X-ray X-ray 

 

 

Resolutio

n (Å) 

 

 

 

3.6 

 

 

8.8 

(Full particle) 

 

gp24 

2.9 

Capsid 

22 

 

 

ExH-8.2 

Shell-9.1 

 

Isometric 

fibreless 7.9 

Isometric 

fibered 8.7 

Prolate  

fibreless 12.7 

 

 

3.6 

 

 

2.05 

 

 

2.2 

 

 

 

Special 

features 

Protease: 

gp4 

 

Inter-subunit 

crosslinking 

between 

K169 and 

N356  

 

Scaffolding: 

G11P 

 

Decoration 

protein: 

G12P 

 

Insertion 

domain  

 

Decoration  

proteins: 

gp hoc,gp soc 

Scaffolding: 

gp22- 

Assembly 

protease: 

gp21 

Telokin-like 

domain  

 

Scaffolding: 

gp8- 

 

BIG2 domain  

 

174b pRNA 

 

Scaffolding: 

gp7  

 

Head fibres 

gp8.5  

 

 

 

 

 

--- 

 

 

 

 

--- 

 

 

 

 

--- 

PDB 1OHG 4AN5 1YUE 

1Z1U 

3IYH 

3IYI  

1YXN 2E0Z 3BJQ 3BQW 

Reference (39) (41) (37) (43) (38)  (44) (45) (46) 



28 

 

Likewise, protein folds observed in capsid proteins of other groups of viruses are also suggested 

to be shared, like the PRD1 phage-like fold and the blue-tongue virus-fold (BTV), that are 

found in viruses that infect mainly Eukarya (42). 

To date there are X-ray structures available for the already described HK97 gp5, for the vertex 

protein gp24 from T4 (38), for the putative capsid protein of prophage of Escherichia coli 

CFT073 (Ec_Pcp) (46), for a phage-related protein BB3626 from Bordetella bronchiseptica 

(Bb_PhRP) (45), for a viral capsid-like particle found in Pyrococcus furiosus (PfV) (44) and the 

shell-forming encapsulins, from bacteria Thermotoga maritima (47) and Myxococcus xanthus 

(48) (Table 1, Figure 7). Cryo-EM structures, deposited as poly-Ala models, have been solved 

for the capsid proteins from P22 (gp5) (43,49), ű29 (gp8) (38) and for SPP1 (G13P) phages 

(41). In T4, proteins gp23 forms hexamers and gp24, pentamers. The structure of gp23 was 

determined by building a homology model using the gp24ôs X-ray structure (37). The HK97-

fold has also been identified in the cryo-EM reconstructions of Sf6 (50), T5 (51), T7 (52), ɚ 

(53), P-SSP7 (54) and Ů15 phage capsids (55). 

Structures of all these capsid proteins are homologous to the HK97 capsid protein, gp5, to some 

extent (Figure 7) and are hence described as HK97-like. All the head proteins appear to be 

organised into A- and P-domains. For bacteriophage P22, poly-Ala models for the expanded 

head (ExH) and empty shells were determined. While in the ExH particle that includes no 

pentamers, the A-domain is easy to identify, in the shell particle the A-domain lies in a ñhiddenò 

location, suggesting that it can adjust its position in the different maturation stages (43).  

A-domains establish contacts with A-domains from neighbouring subunits at the five- or six-

fold axis. Helices Ŭ5 and Ŭ6 and the apical loop that connects them are partly responsible of 

keeping the subunits of one morphological unit in place. Helices Ŭ5 and Ŭ6 from the same 

subunit are packed next to helices Ŭ6 and Ŭ5, respectively, from different subunits at each side.  

The P-domains from all the capsid proteins make extensive contacts with their counterpart in 

the same or adjacent capsomers. Specifically the long ɓ strands at the bottom of the P-domain 

are the source of such interactions at the two-fold symmetry axes. In T4 it was observed that the 

distance between the closest CŬ atoms between hexamers is around 16 Å in particles without 

decoration proteins. Such a long distance was attributed to variation in the structure of the loops 

at the P-domain in gp24 and gp23 or calibration errors in the amplification of the electron 

microscope (38). 

More specific features are observed in the analysed set of capsid proteins, for example, the long 

helix spanning most of the P-domain has proved to be one of the most remarkable structural 

characteristics of the HK97-fold. Helices Ŭ3, Ŭ5 and Ŭ6 (shaded) have served a reference in 

cryo-EM 3D reconstructions because they are easily recognisable and have been used as a 

starting point for building models (41,43). 
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Figure 7. Capsid proteins with HK97 fold 

Side views of the structures mentioned in the text and Table 1 are shown as ribbon diagrams (X-ray 

structures) or worm representations (Poly-Ala models from cryo-EM reconstructions). The N-arm from 

HK97 is shown in lime colour and so is a segment from ű29. Insertion domains are shown in green 

(delimited by dashed ovals). Helix Ŭ3 (following numbering in HK97) is shown in cyan and the E-loop is 

shown in salmon. Conserved helices (Ŭ3, Ŭ5 and Ŭ6) are highlighted with grey background. 

Corresponding PDB entries and references are found in Table 1. 

 

The E-loop has been identified in other capsid proteins, however its conformation is less 

conserved than the long helix spanning the P-domain. In T4 and Bb_PhRP, it was not possible 

to trace it as it is highly disordered, probably due to its intrinsic flexibility (38,41). In P22, a 
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putative capsid protein from an E. coli prophage, and in the viral capsid-like particle from P. 

furiosus, the E-loop is considerably shorter than that in HK97 capsid protein (43,44). 

One more difference between HK97 gp5 and other capsid proteins is the presence of one 

additional globular domain (shown in green) at the distant end of the E-loop in T4 (37), P22 

(43,56) and ű29 (38). This domain is called the insertion domain in T4 (it presents topological 

similarity to the chitin-binding domain of chitiquinase), the telokin-like domain (or 

immunoglobulin-like) in P22 and group 2 bacterial immunoglobulin-like domain (BIG2) in ű29. 

The additional insertion domain is thought to play an analogous role to the crosslinking and glue 

proteins in HK97 and T4 since it is involved in intra- and inter-capsomer contacts. 

The finding of a virus-like particle in P. furiosus was intriguing because it proved that viruses 

with HK97-fold are also present in the Archaea domain (44). The purified particle does not 

carry DNA nor is it able to infect P. furiosus. Little is known about the origin of the 

corresponding gene though it is speculated that it is an immature or aberrant form of another 

capsid. (The evidence is that mutants of ű29 capsid proteins fail to assemble into prolate 

icosahedra but form isometric particles instead). A similar change could have occurred to this 

capsid-like individual subunit since its shape is almost spherical, which is supported by the 

absence of encapsidated DNA, known to contribute to shape the final icosahedral morphology 

in other phages. Other essential proteins involved in the assembly or DNA-packaging process 

are also likely to be missing (44).  

As a result of the accumulation of structural information about the capsid protein in viruses, it is 

conceivable that viruses use a limited range of capsid protein folds to preserve their DNA since 

the HK97-fold is conserved across bacteria and in the evolutionarily related archaeal and 

eukaryotic viruses (42). 

 

1.6 SPP1 phage capsid protein 

1.6.1 Morphogenesis 

The assembly of the SPP1 capsid is initiated when the scaffolding protein, G11P (23.4 kDa) 

promotes polymerisation of 415 protomers of the major capsid protein, G13P (35.3 kDa), 

around the portal protein (12 copies of G6P, 63kDa each) into icosahedral lattices with T=7l 

(Figure 8) (29). To form a viable procapsid, all the listed components were shown to be 

necessary, for instance removal of G6P leads to populations of capsids with T=7 and T=4 

geometries (30). Removal of G11P produces immature proheads and aberrant heads tubes. As 

expected, removal of G13P produces no capsids, while its overexpression in E.coli leads to 

formation of big aggregates that elute in the void volume of gel filtration columns, evidence of 
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its intrinsic capability to polymerise. Individually purified G11P and G13P polymerise into 

filament like-structures and empty or open coiled capsid-like structures, as revealed by 

negative-stain EM. Co-expression of both G11P and G13P leads to the immature/aberrant 

structures described earlier (29,30).  

The scaffolding proteinôs secondary structure was predicted to consist of long Ŭ-helices and two 

heptad ((I/L)X(E/D)LXXX) sequences that might confer amphipatic character to G11P which 

then would be able to form dimers. It has been demonstrated that G11P forms tetramers 

although dimers of refolded protein were found to bind more efficiently to G13P than the native 

His-tagged tetramers (57).   

 

Figure 8. Assembly of SPP1 phage 

All elements that are known to be involved in the process are shown. G6P, G7P, G11P and G13P form 

the procapsid. Once completed, the procapsid serves to dock the G1P-G2P-DNA complex. As the DNA 

fill s the procapsid, G11P exits through gaps between G13P protomers. Full procapsids change from the 

initial spherical to the characteristic icosahedral shape. After a complete genome is translocated the G1P-

G2P complex leaves and the portal is free to attach the completion proteins and tail. G12P is then also 

added to the final capsid. The number of shown components does not reflect the real stoichiometry at any 

step. The location of G7P during assembly is not clear. Figure adapted from Lebedev et al, 2008 (11) and 

Becker et al, 1997 (29). 

 

Early research found that the minor protein, G7P (34K kDa), is present during the complete 

assembly process, however it was not possible to identify its function (29). Further experiments 

demonstrated clear interactions with G6P. One or two copies of G7P are found in the SPP1 

capsid and it is possible that these are associated with the portal (30). The most recent findings 

about G7P indicated that mutants lacking gene 7 produced less infectious progeny than when 

G7P was supplied. However, the less infectious phages showed the same efficiency of DNA 

packaging and processivity of translocation cycles as the wild-type (WT) phages. If G7P does 

not participate in the capsid assembly or in the DNA-translocation process, then it is likely to 

play a role in the efficient delivery of DNA to the host as phages missing G7P detach from the 
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ejected DNA but the ones with G7P remain attached to one end of the viral DNA. G7P might 

act as a clamp that slows down the ejection rate to a level that allows efficient passage to the 

protoplasm, which is compatible with the fact that removal of this gene produces faster ejection 

of DNA than in the WT, although the G7P is not co-ejected to the cell host (58). Two copies of 

G7P per phage strongly interact with G6P via the C-terminus of the latter protein (59).  

The function of G8P and G9P remains unclear, but it is known that removal of these genes 

produced no heads or tailless heads, respectively (29). 

After DNA packaging, the decoration protein, G12P (6.6 kDa) is attached to the outer surface of 

the capsid, whilst completion or ñstopperò proteins G15P and G16P are docked to the portal to 

avoid leakage of DNA and at the same time provide the site for attachment of the tail (29,60).  

NMR structures have been solved for G15P (11.6 kDa) and G16P (12.5 kDa) monomers (Figure 

9). G15P consists of four helices and a short ɓ-strand. G16P is organized into seven ɓ-strands 

that form a ɓ-barrel with four sheets at every side. ɓ1-ɓ2 and ɓ2ô-ɓ3 pairs are connected by long 

loops. Docking of G15P structure onto the Cryo-EM density maps (11) was only possible by 

dissecting the structure. Twelve subunits were fitted in different ways in a ring-like 

conformation, suggesting that G15P reorganises itself during the assembly with G6P and G16P 

(hence called the adaptor protein).  

 

Figure 9. Completion proteins of SPP1 phage 

Ribbon diagrams of the main models from the NMR structures of the adaptor (G15P) and stopper (G16P) 

proteins. The numbering is the same as in the original reference. The long ɓ2-strand is present at both 

sides of the barrel, thus is indicated as ɓ2 and ɓ2ô. G15P PDB 2KBZ, G16P PDB 2KCA.  

 

On the other hand, Twelve G16P subunits were fitted as rigid bodies in a way that one long loop 

from every subunit projects toward the centre of the cylinder to prevent DNA leakage. G16P 

does not undergo major structural rearrangements to interact with other phage proteins nor to 

oligomerise as G15P does. G16P provides the interface to attach the tail (61). 
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1.6.2 Cryo-EM structure of the SPP1 capsid 

Pseudo-atomic structures of SPP1 capsid, determined by Cryo-EM, at late stages of assembly 

showed icosahedral arrangements with T=7l geometry. Interestingly, the shape and thickness of 

the protein layer (~ 27 Å) of tailless, DNA-filled, decorated and non-decorated capsids, and 

tailed, empty and DNA-filled capsids were essentially the same, making it apparent that no large 

changes occur to the capsid when the tail or decoration proteins are attached or when the DNA 

is ejected (41).  

 

Figure 10. Cryo-EM structure of the SPP1 capsid protein.  

(a) Pseudoatomic model of G13P. HK97 gp5 is shown in red while identified Ŭ-helices in SPP1 are 

shown in green. (b)(c) Asymmetric unit that features seven copies of G13P, six forming the hexamer and 

one forming a pentamer. The density of G12P is shown in orange in (c). (d) Superposition of hexamers 

from decorated and non-decorated capsid. Density corresponding to G12P is coloured in purple. Figure 

extracted from White et al, 2012 and used with permission of the editor. 

 

Helices Ŭ3, Ŭ5 and Ŭ6 were identified in the EM density maps at the same position they are in 

HK97 (Figure 10a), therefore a model for SPP1 G13P using alignments of secondary structure 

predictions of proteins which exhibit a similar fold could be constructed. G13P displays the 

HK97-fold, being organised in A- and P-domains that are involved in inter-subunit contacts. 

The E-loop could not be traced in SPP1 but the G13P model fitted into the extracted asymmetric 
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unit shows some unassigned density that might indicate either an interaction between the E-loop 

of one subunit with the adjacent P-domain or a different conformation of G13P in the region 

where the E-loop is in HK97 (Figure 10b,c) (41).  

Superposition of hexamers extracted from decorated and non-decorated capsids exposed the 

location of G12P (Figure 10d). Three copies of G12P bind to each of the sixty flat hexameric 

centres. However the spike density observed is not long enough to account for three G12P 

subunits implying a degree of flexibility in the most distal subunit. The function of G12P 

remains elusive since decorated and non-decorated capsids exhibited the same morphology, 

released packed DNA and underwent protein denaturation at the same temperature when 

thermostability was tested, ruling out a potential role in defining the capsid shape or conferring 

stability (41,62). 

 

1.7 Example of protein-engineering to facilitate crystallisation 

A clear example of how altering some characteristics in wild type (WT) proteins allows the 

study of key functional details in protein structure is presented by the human ɓ2-adrenergic 

receptor (ɓ2-AR), which was engineered to solve its X-ray structure (63,64). The ɓ2-adrenergic 

receptor, a membrane protein that belongs to the G protein-coupled receptors, is located 

principally in the smooth muscle, and changes at the genetic level lead to diseases like asthma, 

hypertension and heart failure.  

The inherent flexibility and complexity of the WT receptorôs flexible intracellular loop (ICL3) 

and its C-terminus hampered the growing of diffraction quality crystals. This obstacle was 

overcome by replacing the ICL3 that links transmembrane Ŭ-helices V and VI with T4-

lysozyme (T4L) (65) and by truncating the C-terminal portion (residues 366-413) that was 

shown to present an extended conformation (66). T4L was chosen due to its solubility, 

propensity to crystallise and the proximity between the N- and C-termini (10.7 Å), which is 

similar to the distance predicted between Ŭ-helices V and VI. Residues 2-164 in T4L replaced 

region 234-259 in the ɓ2-AR. C54T and C97A mutations were introduced in the T4L protein 

(63,64).  

The X-ray crystal structure of the ɓ2-AR-T4L engineered protein in complex with the agonist 

carazolol was solved at 2.4 Å resolution (Figure 11). The ɓ2-AR comprises seven 

transmembrane long Ŭ-helices, one short intracellular Ŭ-helix and one short extracellular loop 

(ECL2) that is folded in Ŭ-helical arrangement. The N- and C-termini from T4L are linked to Ŭ-

helices V and VI respectively (63,64). The fold of T4L in complex with ɓ2-AR remains 

unchanged in comparison to the crystallised T4L monomer while the overall fold of the Ŭ-

helices from the ɓ2-AR are likely to be very similar to the WT one as it has been shown that the 
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two regions connected by the ICL3 (helices I-V and VI-VII) can be expressed separately and 

still assemble into functional receptors (67).  

Investigation of the functional properties of the ɓ2-AR-T4L protein revealed an active 

phenotype that exhibits higher affinity for the agonists used in the study than the WT. The 

affinity for the antagonist was normal. ɓ2-AR-T4L did not bind to G proteins as could be 

predicted because of the removal of the ICL3. 

 

Figure 11. Human ɓ2-AT-T4 lysozyme engineered protein 

The ɓ2-AR is shown in white and T4L in grey. Ŭ-helices V and VI are highlighted in dark blue. Carazolol 

is shown in red. WT T4L is shown in light blue. The N- and C-termini from the engineered protein and 

WT T4L are shown in black and blue respectively. PDB entries: ɓ2-AR-T4L: 2RH1, T4L: 2LZM 

 

1.8 Structural diversity of small terminases 

Several high resolution crystal structures of STs from mesophilic phages including SPP1-like 

phage SF6 (16), P22-like Sf6 (68), P22 (14) and T4-like phage 44RR (69), are available ( 

Table 2, Figure 12). A fifth X-ray structure is available for the putative ST from Bacillus cereus 

ATCC 14579 prophage phBC6A51 (70). The ST has also been identified in the Pseudomonas 

aeuroginosa phage PaP3 (15) for which functional studies are available and in the Lactococcus 

lactis bacteriophage ASCC454 (71) whose ST has been crystallised but no X-ray structure has 

been published.  

All the elucidated structures exhibit a ring-like organisation enclosing a central channel of 

varying diameter. The number of subunits varies from eight to twelve, nevertheless, the general 
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architecture and the overall outer diameter are similar. P22 (14,72), Sf6 (68) and prophage 

phBC6A51 oligomerise with a fixed number of subunits while 44RR (69) and SF6 (16) can 

crystallise in two different forms: 11-mers or 12-mers (44RR), and 9-mer or 10-mers (SF6). 

 

Table 2. Small terminases in dsDNA phages 

 SF6  

(SPP1-like) 
Sf6  

(P22-like) 
P22 44RR  

(T4-like) 

Prophage 

phBC6A51 

Family Siphoviridae Podoviridae Podoviridae Myoviridae --- 

Host Bacillus subtilis Shigella flexneri Salmonella s. 

typhimurium 
Aeromonas 

salmonicida 

Bacillus cereus 
ATCC 14579 

Technique X-ray X-ray X-ray X-ray X-ray 

 

Resolution 

(Å) 

1.85/2.19 
1.68 

3.0 

4 

 
1.65 

 
1.75 

3.35 

 
2.8 

1.8 

 
1.9 

 

Oligomeric state 

10-mers 

9-mer 

9-mer 
9-mer 

 

8-mer 

 

9-mer 

 

11-mer 

12-mer 

 

9-mer 

 

Protein and 

truncations 

G1P-53-120  

G1P-53-120 

G1P-65-141 
G1P- FL (1-164) 

(only 1-141 in 
crystal) 

 

gp1-FL (140 

residues), crystallised 
from 10-139 or 10-

132 

gp3 cleaved: (1-

140) 

 
gp3-FL(1-162), 

last 23 aaôs are 
disordered. 

gp16-FL 1-154 

26-112, 11-mer 

25-114, 12-mer 

 

 

---- 

Overall diameter 

(reported) Å 

65 (53-120) 

DBDs flexible 

 

99 

 

95 

75.5 

80.6 

 

~100 

 

Height 

(reported) 

 

~88  

 

66 

70 (in both 

crystals) 
100 (plus modelled 

Ŭ-helix barrel 

 

~40 

 

~45 

Channel diameter 

(most constricted 

part)ª 

 

14.3, 9-mer 
 

 

~15.5 

 

19.4 

 

24.2 
27.8 

 

~9 

 

PDB 

3ZQM/3ZQN 
3ZQO 

3ZQP 

3ZQQ 

 
3HEF 

 
3P9A 

 
3TXQ 

3TQS 

 
2AO9 

Reference (16) (68) (14) (69) To be published 

(70) 

--- Information not available 

ª The presented diameters correspond to the most constricted section of the channel, which might be not 

the top part of the assembly. 

 

Interestingly, in the case of 44RR, the subunits that constitute both oligomeric forms are 

identical (69), whereas in SF6, constructs missing the C-terminus assemble into both 10-mer 

and 9-mers, but the full length protein only forms 9-mers, suggesting that the C-terminus is 

important in defining the oligomerisation state (16).  

For P22, Sf6 and prophage phBC6A51 the overall diameter is comparable, however, for SF6 

and 44RR, that have flexible or disordered NTDs, it is not possible to accurately measure the 

outer diameter since it is likely that the NTDs occupy different positions (Figure 12). The 

overall heights vary to a greater extent as the assemblies have distinctive C-terminal domains: 
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ɓ-stranded barrels in SF6, Sf6 and prophage phBC6A51, or an Ŭ-helical barrel in P22. 

Moreover, in most cases portions of the C-terminus are disordered in the crystal. 

 

Figure 12. Small terminases in dsDNA phages 

Ribbon diagrams for the oligomer (top view, left) and monomer (side view, right) of every ST with 

published X-ray structure. Diameter for the most constricted part of the channel is indicated (atom-to-tom 

distance). The highlighted subunit is shown in the side view with the NTDs in red, ODs in blue and C-
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terminal ɓ-strand in purple. The numbering of the secondary structure elements is the same as in the 

original publications. Table 2 lists corresponding PDB entries and references. 

With the exception of P22, the terminases present defined ODs that pack closely in a circular 

array and establish contacts with adjacent subunits to form a central channel. The helical N-

terminal domains (NTD), identified as the DBD in SF6 (16) and Sf6 (68), hang at the periphery 

of the structure surrounding the oligomer. Helix-turn-helix in the DBDs motifs of SF6 and Sf6 

are formed by Ŭ-helices 2 and 3 and their connecting loop. Superposition of SF6 and Sf6 DBDs 

show an almost identical fold (shown in section 8.3). Other shared features between some STs 

are a ɓ-hairpin barrel at the bottom of the SF6 and P22 structures and a ɓ-stranded barrel on top 

of SF6, Sf6, P22 and phBC6A51 STs. A structural comparison will be presented in chapter 8. 

 

1.9 Proposed models for the small terminase-DNA interaction 

The currently available structures provide insights about the oligomerisation state of the ST, the 

general organisation of the assembly and domain organisation of individual subunits, however, 

the structures in isolation are still a limited source of information when addressing how the ST 

interacts with DNA. Two major models that take into account distinct properties of the ST have 

been proposed to describe such interaction (Figure 13) (16,69,73). The first model posits that 

the dsDNA wraps around the circular assembly to establish contacts with the HTH motifs 

present in the DBD from every subunit (Figure 13a). This model is supported by the finding that 

multiple DNase-protected sites were found in the pac recognition site of SPP1 (19) separated by 

~10 bp stretches (full turn of B-form DNA), in good agreement with the predicted distance of 

~35 Å between adjacent DBDs in SF6 (16). The spacing of DBDs in SF6 is similar to that 

observed experimentally between DBD in Sf6 (68) or between the traces of NTD (including a 

predicted HTH motif) in 44RR (17) even though the number of subunits per oligomer differs.  

In contrast, the second model considers the central channel as the binding site for DNA (Figure 

13b), proposing that DNA could pass through the channel, on its way to the procapsid, during 

mechanical translocation by the LT. Although this model assigns function to the channel, it has 

several vulnerable points. For instance, only the channel from phage 44RR (69) is wide enough 

to accommodate DNA (~23 Å van der Waals diameter) since the rest of the channels have 

portions that would lead to clashes with DNA (Table 2). Moreover, threading DNA through the 

channel would imply one free end before interaction with the ST, which is not likely to occur as 

the ST needs to present the DNA to the LT to generate the free end. The possibility of the 

disassembly of the ST to embrace DNA is unlikely due to the high stability of the oligomer 

(Discussed on reference (69)).  
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Figure 13. Small terminase:dsDNA models 

Molecular surface representations of SF6 ST with dsDNA bound around the outside (a) and passing 

through the assembly (b). Top and side views are presented for clarity. DNA is indicated by orange 

arrowheads. The models for this figure (including nine DBD and circular DNA) were derived from the X-

ray structure of SF6 ST (16) (PDB 3ZQQ). Figure adapted from Buttner et al, 2012 (16). 

 

To date, little evidence exists to support the ST channel-dsDNA model. Little or no interaction 

was observed between the DNA and SF6 ST missing the DBD by SPR and EPR experiments, 

strongly suggesting the DNA binding around the outside. The truncated versions of SF6 ST (53-

120 and 53-145) exhibited only residual binding to the tested DNA fragments in SPR 

experiments, in comparison with the full -length (FL) protein. The labelled version of the second 

construct, with only one spin label (facing the channel) introduced in one subunit to avoid 

coupling between adjacent subunits, failed to show any interaction with DNA in EPR 

experiments, when a 22-bp dsDNA extracted from the SPP1 pac sequence was added to the 

reaction (16).  
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1.10 Small terminase interaction with DNA: recognition sites and 

bent DNA 

1.10.1 Bent DNA 

Bending of DNA is a recurrent theme in the discussion of protein-DNA interactions as it is 

often involved in increasing the specificity of the protein towards DNA. The selectivity for 

DNA introduced by the bending is achieved because this allows the nucleic acid to adopt a 

conformation required for protein binding. In some cases, bending is induced by the bound 

protein, however most of the time, it is an inherent characteristic of the DNA sequence (74).  

Two hypotheses to explain the mechanism of bending were initially put forward based on 

anomalously migrating DNA fragments in acrylamide gels (reviewed in (75)): the junction and 

wedge models (Figure 14).  

 

Figure 14. Models for bent DNA 

(a) The junction model. Segments that represent B-form and non-B-form DNA are indicated by cylinders. 

(b) The wedge model. Consecutive bends caused by an AA dinucleotide are indicated by a blue triangle. 

(c) Tilt and roll wedges. Figure adapted from Sindens, 1994 (75). 

 

The junction model assumes that bending occurs at a B- and A-form DNA junction associated 

with A-tracts. The position of bending could be either at the 3ô, 5ô-end or both ends of the A-

tract (76).  

The wedge model suggests that there is a ñwedgeò angle at an AA dinucleotide that causes 

deviation from the axis of the double helix. Bending is observed when consecutive wedge 

angles add on. Two different wedge angles are observed according to their location: tilt angle, 
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opening in the direction of the phosphate backbone and the roll angle, which opens in the 

direction of either the minor or major groove (77,78).  

In both models the phasing of A-tracts or AA dinucleotides is stated as the optimal condition to 

lead to bending, as for the sequence, tracts of A4-9 were shown to be bent, however sequences 

without A-clusters also can be bent (75). Likewise, AT-rich segments, exposing the minor 

groove to a protein, have been pointed out as a source of bending. Removal of the water 

molecules from this site decreases the rigidity associated with the minor groove, making the 

DNA capable of adopting the conformation imposed by the binding protein (79). According to 

the literature 8.7° or 18° bends can be generated by each AA dinucleotide (77) or A-tracts, 

respectively (74).  

 

1.10.2 Recognition sites: SPP1 pac site  

The ST from SPP1 phage recognises a specific site on the viral genome to start packaging, the 

pac site (Figure 15a). The pac site is further divided into three segments with no apparent 

sequence similarity, pacL (left), pacC (centre) and pacR (right). G1P binds only to pacL and 

pacR as was evident by the presence of DNase protected segments. One of the protected 

regions, at pacL, is surrounded by poly-A sequences separated by approximately 10 bp that may 

induce bending upon binding to G1P (19). 

Based on the observations that G1P is an oligomer in solution with several HTH motifs at the 

NTDs and that G1P binds to both the encapsidated and non-encapsidated ends, pacR and pacL, 

respectively, a model was proposed to explain how the SPP1 ST interacts with DNA and how it 

makes DNA accessible to the LT (G2P) (Figure 15b). Briefly, two different G1P oligomers bind 

separately to the pacL and pacR sites. Protein-protein interactions between the oligomers bring 

the two sites together and at the same time the pacC site is exposed so G2P can bind to G1P and 

make a cut in the DNA producing a free end. In Figure 15b, G2P monomers are represented by 

small spheres that interact with DNA and with G1P, but it is unknown whether the G2P contacts 

the same or different G1P molecule (19). 

This model, proposed in 1995, was the first wrap-around model published and to date some of 

its key points are largely accepted by the community. 

Besides SPP1, other packaging initiation regions have been identified in phages ɚ (site cosB, 

120 bp long) (80), P1 (pac site, 161 bp long) (81) and P22 (pac site, 120bp long) (82). 
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Figure 15. Model for ST complex with LT and pac DNA 

(a) Scheme of the pac site DNA of the SPP1 phage (not to scale). The length and position of each 

fragment in the genome is indicated. Box b, where G2P is expected to bind and cut is shown. Distances 

between the end and start of pacL-pacC and pacL-pacR are indicated by double-headed arrows. The 

centre-to-centre distance of pacL-pacR is also shown. (b) Model of the G1P nucleoprotein complex with 

the pac site DNA. Two different G1P assemblies recognise the pacL and pacR sites, while G2P 

establishes contact with G1P and recognises box B. The site of cut is pointed out with a black arrowhead. 

The direction of packaging is signalled by the horizontal arrow. Figure adapted from Chai et al, 1995 

(19). 
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1.11 Objectives 

There is enough evidence to conclude that dsDNA phages make a huge impact on the biosphere 

of our planet. Evolutionary related animal viruses, such as members of the herpes family of 

viruses, lead to several health problems resulting in huge economic costs (42,44). The dsDNA 

bacteriophages are the focus of extensive research for several reasons. First, they serve as 

excellent model systems for understanding how similar animal viruses function (9). Secondly, 

their hosts include bacteria of industrial or clinical relevance, such as Lactococcus lactis (71), a 

fermentative organism in the dairy industry or Escherichia coli and Salmonella, both foodborne 

pathogenic bacteria (83,84). Therefore we can benefit from learning how bacterial viruses 

assemble and how they function. 

In dsDNA phages, the icosahedral capsid is the container that viruses use to store and protect 

their nucleic acid molecule. At one of the twelve vertexes, the portal protein is embedded to 

provide the gate of entry for DNA and the surface for the DNA-terminase complex docking (9). 

The aim of this thesis is to elucidate X-ray structures of the capsid protein G13P from 

mesophilic phage SPP1, and that of the ST from thermophilic phage G20C.  

The X-ray structure of the SPP1 capsid protein could then be fit ted into the available Cryo-EM 

maps (41) to reconstruct the complete capsid. Fitting the X-ray structure of the portal protein 

will make possible to study the nature of the capsid-portal interaction. One long term goal of 

this project is to introduce mutations in G13P to disrupt interactions between other G13P 

protomers to leave the portal surrounded by a single layer of capsid. These complexes could 

potentially be attached to any surface to deliver DNA after the assembly of the molecular motor. 

The possible uses of these devices include gene therapy or other areas of biotechnology. The 

capsid structure will allow the understanding of the mechanism SPP1 uses to stabilise its capsid 

during maturation.  A comparison with other capsid proteins would be useful for elucidating 

segments that remain most conserved across evolution. 

Solving the structure for the G20C ST will provide further knowledge about the oligomerisation 

state, domain organisation and characteristic features. One additional aim is to address the ST-

DNA interaction by investigating binding activity towards viral and non-viral DNA. Several 

constructs will be tested to determine which domain(s) are responsible for DNA-binding. A 

comparison with available ST X-ray structures will be carried out to identify common features. 

Finally, the X-ray structure and experimental data will be used to propose a model for a 

functional complex of the G20C ST with DNA. 
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Chapter 2 

2. Materials and methods 

The chapter two of this thesis concisely describes how the constructs were handled during 

cloning, purification, crystallisation and biochemical investigation. Each subsection offers a 

general description of the protocol, and the additional details about every construct are 

presented in the appendices or results sections. Those approaches that were developed 

specifically for this project are described in the results section 3.4 (production of engineered 

proteins) and chapter 9 (cloning of DNA for probing DNA-binding activity). 

 

2.1 Cloning 

The full -length genes G13P, coding for the SPP1 capsid protein, and the one coding for the 

putative ST in G20C, were amplified from the genomic DNA of SPP1 and G20C phages by 

PCR. The pairs of primers for each construct used in this project are listed in appendix 1. Inserts 

were then cloned into vector pET28a (Novagen) by ligation with T4 ligase according to 

manufacturer instructions (New England BioLabs) (Figure 17, section 2.3). The cells were 

transformed (Section 2.2) with the recombinant DNA and incubated overnight at 37°C. The 

following morning, the presence of the insert in the vector was tested by colony PCR using the 

pair of primers specific to every construct but using the colony as source of DNA. From a single 

positive colony, overnight cultures were prepared. Plasmid DNA was extracted according to 

manufacturerôs instructions from the cell pellet. Purified recombinant DNA was sent for 

sequencing (GATC-BIOTECH, Germany) to confirm the sequence of the vector insert. The 

positive plasmids were used to transform cells for overexpression of the protein of interest 

(POI).  

Details about the types of modifications that were made to the wild type proteins, in addition to 

the affinity purification tag and vector used are listed on appendix 1.  

In general, all the inserts were produced by one amplification reaction, with the exception of the 

G13P-Anti-TRAP constructs, for which two reactions were set up in order to clone the 

engineered proteins. A detailed explanation about the design and production of both constructs 

is given in the results section 3.4. 

Two types of cloning were used in subsequent constructs. The first one consisted in using T4 

ligase to create phosphodiester bonds between the insert and vector, both with complementary 

sticky ends generated by endonucleases in specific restriction sites (Figure 16). The second 

approach takes advantage of the DNA-recombination activity of the In-Fusion® enzyme (85). 

Briefly, both insert and vector are amplified so they have 15-bp complementary regions at the 5ô 
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and 3ô ends. During the incubation period, the poxvirus DNA polymerase uses its 3ô-5ô 

exonuclease activity to generate sticky ends at the provided substrates by removing nucleotides 

at the 3ô end, producing complementary ends that can then anneal. Nicks present within the 

recombinant DNA are repaired by bacterial enzymes following transfection (86).  

 

 

Figure 16. Production of recombinant DNA 

Schematic representation of approaches used for production of large amounts of recombinant DNA. 

 

Table 3. Settings of PCR, ligation and In-fusion reactions 

PCR reaction Ligation In-fusion 

 

 

 

Component 

 

0.2-1 ɛM  Primers A /B  

0.4 ɛL      10 mM dNTPs 

  x ng        DNA template 

4 ɛL         5X Phusion HF buffer    

0.4 ɛL     Phusion DNA polymerase 

               H2O 

20 ɛL  20 ɛL 

- Incubation at RT during 2h 

 

Component 

 

50 ng     Vector DNA (4 kb) 

37.5 ng  Insert DNA (1 kb) 

2 ɛL     10X T4 DNA Ligase         

              Buffer 

              H2O 

1 ɛL T4 DNA Ligase 

    10 ɛL 

- Incubation at 50°C during 15  

   min 

Component 

 

50-100 ng  Vector DNA (5.5  

                   kb) 

50-100 ng  Insert DNA (1 kb) 

2 ɛL 5X     In-Fusion HD  

                   Enzyme Premix 

                   H2O 
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PCR program for G13P_FL_D194W 

98 °C 2 min 

98 °C 15 s 

48 °C 20 s 

72 °C 3 min 

72 °C 5 min 

2.2 Cell transformation 

Several E. coli modified strains were used to produce multiple copies of plasmids or 

recombinant proteins. The type of competent cell was selected according to the experimental 

requirements; one particular example will be described below. The manufacturerôs instructions 

for every cell strain were followed. Most of the cells used in this study required 30 minutes of 

incubation on ice with the DNA (5-10 ng) after cell thawing. Heat shock at 42 °C during 45 s-1 

min followed. The cells were again incubated on ice for 2 min followed by addition of ~ 200 µL 

of Luria-Bertani medium (LB). After 1 h incubation at 37 °C in the shaker at 180 rpm, the 

samples were plated on LB agar plates with antibiotics suitable for selecting for the cells 

harbouring the desired plasmid, and incubated overnight at 37 °C. B834 cells were used to 

produce native protein when the protein was expressed in a higher amount than when using 

other cells. The type of cell used in the solubility screen is mentioned in the legend of the 

figures. 

BL21 Star
TM

 DE3 cells were used to express G13P-AT full length constructs because these cells 

carry a truncated version of the RNase E enzyme gen (rne) of which the C-terminal portion is 

involved in mRNA degradation. The truncated gene only lacks the C-terminal portion of the 

RNase E enzyme but keeps the N-terminal portion that is involved in rRNA processing and cell 

growth, making the expressed mRNAs more stable (87).  

The pLysS plasmid was incorporated in Rossetta 2 or BL21 cells used for this study as is 

compatible with the pET system. The pLysS plasmid encodes the T7 lysozyme to lower the 

basal expression of the gene of interest under the control of the T7 promoter since it inhibits the 

T7 RNA polymerase (88,89). 

2.3 Cell growth and protein overexpression: pET system 

Cultures (Luria-Bertani medium) started from single colonies were grown to optical density of 

0.6 (O.D 600 nm) at 37 °C. When cultures were ready, protein expression was induced with 1 mM 

Isopropyl ɓ-D-1-thiogalactopyranosid (IPTG).  

All of the recombinant DNAs used the pET expression system to produce large quantities of 

POI.  
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The pET system is a bacterial plasmid that contains the gene for the lac repressor protein (lacI), 

the T7 promoter, specific to T7 RNA polymerase, a lac operator to block transcription, origins 

of replication f1 and genes for antibiotic resistance (Figure 17). The gene that codes for the POI 

is situated at the poly-linker region that includes several restriction sites, the region coding for 

the tag is situated at the 5ô end of the poly-linker region. Moreover, the hostôs genome is 

modified to incorporate the T7 RNA polymerase and the lac promoter and operator. 

The addition of IPTG, an analogue of lactose, displaces the lac repressor from the lac operators 

both on the pET plasmid and hostôs chromosome so the T7 RNA polymerase is expressed to 

then express the gene that encodes the POI. 

 

Figure 17. pET28a (+) vector 

(a) Features of the pET system. (b) The squared area, part of the poly-linker is magnified for detail. Only 

some of the restriction sites used in this project from the polylinker area are shown. 

 

For solubility screens, the induction time was for 3 h at 37 °C to an optical density at 600 nm 

(OD600) of ~0.6 or overnight at 16 °C. 1 mL culture aliquots were prepared and centrifuged to 

keep only the pellet.  
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For large scale production, 1:100 dilutions were prepared with 7.5 mL of overnight culture (37 

°C) and 750 mL of autoclaved LB medium. The baffled flasks were grown up to 0.6-0.8 O.D600 

at 37 °C, 180 rpm. Protein overexpression was induced with addition of 1 mM IPTG at the 

temperature where the higher solubility was observed in the solubility screens. 

2.4 Production of Seleno-Methionine (Se-Met) proteins 

An overnight culture of B834 cells expressing the POI in LB medium was used to inoculate 500 

mL of 40 ɛg mL
-1
 Se-Met medium [including 1ɛg mL

-1
 vitamins, 40 ɛg mL

-1
 amino acids and 

0.4% (w/v) glucose, 2 mM MgS04, 25 ɛg mL
-1
 and 2X M9 salts] and incubated at 37°C until 

O.D0600 nm ~ 0.8 1 mM IPTG was added to induce protein overexpression at 16 °C overnight.  

B834 cells are methionine auxotrophs, which means they cannot synthesise their own 

methionine, being forced to incorporate the Se-Met supplied from the medium. Tryptone is 

absent in the medium as it contains sulphur-based Met. 

2.5 Solubility tests in SDS-PAGE 

1 mL aliquots of cultured bacteria were centrifuged after protein induction to produce pellets 

that were resuspended in 200 ɛL of buffer (Figure 18). The resuspended bacteria were sonicated 

to obtain the total lysate sample (soluble and insoluble). A sample of 12 ɛL mixed with 4X 

loading dye was loaded on the SDS-PAGE gel. Lysates were clarified by centrifugation at 

13,300 rpm for 1 min at room temperature (RT). A further 12 ɛL of the supernatant was loaded 

in the gel to estimate the fraction of protein remaining in solution, which is the soluble protein. 

The same procedure was followed with aliquots taken immediately before induction. 

 

Figure 18. Solubility screen 

 

12 or 15 % polyacrylamide gels (stock: 30 % (w/v) polyacrylamide, 0.8 % (w/v) Bis-

acrylamide, ratio 37.5:1) were prepared and run in 25 mM Tris-HCl, 192 mM glycine, 0.1 % 

SDS for 50 min at 200 V. The gel was stained with Coomassie blue.  
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2.6 His-Tag stain 

The InVisionÊ His-tag in-gel stain (Life technologies) was used to specifically stain His-tagged 

proteins. The protocol described by the manufacturer consists in fixing the gel (carefully washed 

with ultrapure water immediately after the run,) during 1 hour in 100 mL of 40 % (v/v) ethanol 

and 10 % (v/v) acetic acid, followed by 10 min washes with ultrapure water. The gel was 

incubated with the InVisionÊ His-tag In-gel stain for 1 hour to later be washed 2 times with 20 

mM NaH2PO4 pH 7.8. The gel was visualised at 560-590 nm immediately after. 

2.7 Nickel-affinity chromatography  

Nickel-affinity chromatography (NAC) was used to purify most of the protein constructs in this 

study. By adding a poly-Histidine tag (poly-(His)6 or His-tag) to the POI, it was possible to 

separate it from the bacterial cell debris and endogenous E.coli proteins as the poly-His segment 

binds to nickel ions, which are chelated by the immobilised group from the cross-linked agarose 

beads (Sepharose
TM

) of the His-Trap
TM

 column (GE healthcare) (Figure 19a). Subsection 2.7 is 

based on protocols described in references (90,91). 

Prior to the chromatography, the crude lysate was prepared by resuspending the pelleted 

bacteria in buffer containing  25 mM Tris pH 7.5, 200 mM NaCl, 20 mM Imidazole, 100 ɛg 

mL
-1
 lysozyme, 0.7 ɛg mL

-1
 pepstatin A, 0.5 ɛg mL

-1 
leupeptin and 100 mM 4-(2-Aminoethyl)-

benzenesulfonyl fluoride hydrochloride (AEBSF). To see the buffers used for every construct 

see appendix 2. The sonicated solution was spun down at 15,000-17,500 rpm to produce a clear 

supernatant. 

The clear supernatant was loaded onto a His-trap high performance column (His-trap HP, bead 

size: 30 ɛm) attached to the ÄKTA purifier (GE Healthcare). The His-tagged protein was eluted 

over a gradient mixture of loading buffer with buffer containing 0.5 M free imidazole that has 

higher affinity towards the Ni
+2

 in the matrix than the His residues and hence disrupts the His-

Ni
+2

 coordination bonds (Figure 19a). 

Samples from the lysate, supernatant and fractions were loaded onto 12 % or 15 % (w/v) 

polyacrylamide gels (37.5:1) to estimate the presence and purity of the POI. Those fractions that 

contained the POI were pooled together to undergo thrombin digestion followed by size-

exclusion chromatography (SEC) 

When the His-tag was cleaved by thrombin protease (BD Biosciences), digestion was carried 

out at the same time that the sample was dialysed against the binding buffer (no imidazole) 

using 1 unit of thrombin to digest 1 mg of protein overnight at 4 ºC. A second NAC was 

performed to separate the cleaved protein from non-cleaved. The cleaved protein was further 

purified by SEC.   
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The His-tag was replaced by the glutathione S-Transferase-tag (GST) in three constructs 

because of its bigger size than the His-tag and its propensity to form dimers that in theory could 

help stop G13P from aggregating. Beads with immobilised glutathione were used to bind the 

POI. Elution was achieved by adding reduced glutathione to the buffer. GST fusion proteins 

featured a 3C protease cleavage site between GST and the G13P construct to facilitate further 

removal.  

One of the G13P-Anti-TRAP (G13P) constructs was cloned into the H-MBP vector that encodes 

both the His-tag and the maltose-binding protein (MBP) that is usually included because it can 

increase the solubility of overexpressed proteins in bacteria. It is then possible to purify MBP 

fusion proteins by chromatography on cross-linked amylose and then elute with 10 mM 

amylose, however it was decided to make use of the His-tag and purify the construct by NAC 

There was also some variation regarding the type of columns used to purify the constructs. His-

trap fast flow crude columns (His-trap FF) (GE Healthcare) were chosen when constructs 

precipitated after centrifugation at high speed. The bead size in His-trap FF crude columns is ~ 

90ɛm, making it possible to load clear lysate at relatively fast flow rates without blocking the 

column. The principles of binding and elution from the Ni-beads are the same as for His-trap 

HP columns. 

The Hi-trap Q fast flow columns (or only FF Q, bead size: 45-165 ɛm) are anion exchange 

columns that contain quaternary ammonium (-N
+
(CH3)3) as the anion exchanger (GE 

Healthcare) (Figure 19c). This column was used to isolate the untagged G13P constructs. The 

bacterial pellet was resuspended in binding buffer (low NaCl concentration), sonicated, 

centrifuged and loaded onto the column. The POI was then eluted with buffer containing high 

concentration of anion (Cl
-1
). 

2.8 Size-exclusion chromatography 

Samples from NAC were concentrated and filtered through a 0.45 ɛm filter to remove big 

aggregates and rubbish from the sample that could block the SEC column filter. 500 ɛL or 5 mL 

were loaded manually in appropriate loops onto Superdex
TM

 200 10/30 or Hi load 16/60 

columns (GE Healthcare), respectively. The buffers used for all the constructs are listed in 

appendix 2. When no S200 column was available, S75 16/60 columns were used. 

The three type of columns listed contain a matrix of cross-linked agarose and dextran with 

particles of mean size of 34 ɛm that contain pores in their surface. As the sample goes through 

the column, smaller components will be delayed by passage through the pores while bigger 

particles will elute faster as they are unable to insert into the pores and instead pass through the 

void volume between the particles (Figure 19b). 
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Figure 19. Protein purification techniques 

(a) Nickelïaffinity chromatography. One coordination bond between a His-tagged protein and the 

nitriloacetic acid (NTA) resin is shown. The Ni
+2

 atom is highlighted in cyan. Adapted from (90) (b) Size-

exclusion chromatography. The separation of three protein molecules in a SEC matrix is illustrated. (c) 

Anion exchange chromatography. The matrix from a Q column binds to negatively charged molecules 

which are eluted with Cl
-
. Protein or matrix components are not to scale. Figures b,c adapted from (92). 
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Those particles that are too big to fit into the bead pores will elute at the early stages of the run 

in the void volume. S200 and S75 columns can resolve particles that range in size from 3-10
3
-

7x10
4
 and 1x10

4
-6x10

5
 (Mr), respectively. The manufacturerôs instructions where followed to 

complete the protein separation.  

2.9 Anion exchange Chromatography  

Anion exchange chromatography (AEC) was included during the optimisation of the 

purification process of untagged G13P double mutants and during the purification of G20C ST. 

Buffer with low NaCl concentration was used to resuspend bacterial pellets and a clear 

supernatant was obtained as described above. The supernatant was loaded onto a Mono Q 

column 5/50 (GE Healthcare) that is packed with polystyrene/divinyl benzene beads that have 

immobilised quaternary ammonium as the anion exchanger. The -N+(CH3)3 in the beads adsorb 

molecules with opposite charge. As the counter-anion Cl
-1
 is added to higher concentrations, the 

POI is desorbed from the matrix according to its charge (Figure 19c). 

2.10 On-column refolding  

Fast expression of recombinant protein often leads to the formation of insoluble aggregates 

called inclusion bodies. Even though the inclusion bodies are formed by insoluble protein they 

have the advantage of producing the protein in high yield, this protein is protected from 

proteolysis and can be solubilized into folded active species (93).  

The on-column refolding method used to purify one His-tagged protein from this study 

consisted of refolding the denatured protein while it was bound to the Ni-beads. One important 

aspect of this protocol is that it allows lowering of the denaturing agent concentration at a rate 

that prevents aggregation but allows folding. It also avoids exposure of the protein to 

intermediate denaturant agent concentrations for a long time period, like in dialysis, in which 

the POI is prone to aggregation since it is neither entirely folded nor denatured (93). 

The pelleted bacteria were resuspended in cold denaturing solution (Table 4) and incubated on 

ice for 45 min. Quick sonication of the sample to disrupt DNA was followed by manual loading 

onto a His-Trap FF (GE Healthcare) column previously equilibrated with denaturing solution. 

Once the column was reconnected to the ÄKTA purifier, denaturing solution 2 was flowed over 

to remove any non-specifically bound protein. The denaturing agent was washed off with 

solution III that contained the detergent triton X-100 to prevent aggregation and 0.5 M NaCl to 

remove contaminating protein molecules bound to the target protein or column. ɓ-cyclodextrin 

was included in solution IV to remove the triton X-100 from the protein-detergent complex and 

to promote folding. Before detaching the protein with elution buffer, solution V was flowed 

through the column to wash ɓ-cyclodextrin off.   
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Table 4. On-column refolding solutions 

Solution Components: 

I.  Denaturing solution 6 M Guanidine hydrochloride 

50 mM Tris pH 7.5 

10 mM ɓ-Mercaptoethanol 

II.  Denaturing solution 2 (2 CV) Solution I + 20 mM Imidazole 

III. Detergent buffer (4 CV) 50 mM Tris pH 7.5, 0.5 M NaCl, 0.1 % 

Triton X-100 

IV. Buffer for detergent removal (15 

CV) 

50 mM Tris pH 7.5, 0.1 M NaCl, 5 mM ɓ-

Cyclodextrin 

V.  Basic Buffer (5 CV) 50 mM Tris pH 7.5, 0.1 M NaCl 

VI. Elution Buffer (20-25 CV) 50 mM Tris pH 7.5, 0.1 M NaCl, 0.5 M 

Imidazole 

 

2.11 Pull-down assays 

Pull-down assays were used to determine where the spontaneous truncation in G13P-AT 

engineered proteins was taking place. 30 µL of nickel-beads (from His-TRAP columns) were 

washed two times with 25 mM Tris pH 7.5, 250 mM NaCl to remove the storage solution. 100 

µL of soluble fraction from the BL21 Star cultures (section 2.2) were added to the beads. The 

mix was incubated at room temperature with continuous shaking for 15 min. 12 µL were kept to 

load later on SDS-PAGE as the total sample. The mix was centrifuged at 13,300 rpm for 1 min, 

and the supernatant was discarded. The beads were washed two times with buffer. 12 µL of 

supernatant (SND) and beads were loaded onto SDS-PAGE. Finally, the bound protein was 

eluted with the binding buffer plus 0.5 M imidazole. Two dilutions of the eluted protein were 

loaded. 

 

2.12 Size Exclusion Chromatography coupled with Multi-Angle 

Laser Light Scattering (SEC-MALLS)  

SEC-MALLS is a technique used to measure molecular weight based on how molecules scatter 

laser light. SEC-MALLS was used to estimate the molecular weight of G13P or the oligomeric 

state of G20C ST. Scattering of light is dependent of the POI concentration, refractive index, 

molecular weight and scattering angle. 

His-tagged or non-tagged samples were diluted to a fixed concentration in 20 mM Tris pH 7.5, 

250 mM NaCl, and loaded onto a BioSep SEC-s3000 gel filtration column (Phenomenex) which 

was equilibrated with 20 mM Tris pH 7.5, 250 mM NaCl. Size-exclusion chromatography was 

carried out on a Shimadzu HPLC system with flow rate of 0.5 mL/min. The elution was 
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monitored at 280 nm by a SPD20A UV/Vis detector. Light scattering data were recorded by a 

Dawn HELEOS-II 18-angle light scattering detector and the concentration of the eluting protein 

was measured by an in-line Optilab rEX refractive index monitor (Wyatt Technology). Data 

were analysed using the ASTRA V software package (Wyatt Technology). 

 

2.13 Protein crystallisation experiments  

Only when protein molecules precipitate in an ordered manner can crystals form. Variables 

influencing crystallisation include the nature of the protein, the nature of the precipitating agent, 

the protein or crystallising agent concentrations, pH, temperature, time, etc. The dynamic 

representation of the interaction of several variables and resulting solubility with respect to the 

crystallisation outcome is known as phase diagram (Figure 20a).  

The phase diagram is organised into several zones that describe how the phase of the protein 

behaves as the variables change, for example, protein and crystallising agent concentrations 

(Figure 20a). In the undersaturated zone the protein will remain in liquid solution. When a 

crystallisation experiment is set up it is expected that the protein concentration will increase 

until the labile zone is reached, which is where the formation of the nuclei occurs. Protein 

molecules will aggregate around the nuclei so the protein concentration will decrease until 

nucleation will no longer occur and a new zone, the metastable zone, will be reached. In this 

zone, the crystal growth is supported only while the protein concentration is high enough. 

Liquid-liquid phase separation, visible as protein rich droplets under the microscope, happens at 

the metastable zone, where the protein concentration is high. At some point, the crystal will get 

to the saturation zone, indicated by the solubility curve, where the crystals, if present, will be in 

equilibrium with the solution. The crystal would dissolve if the solution changes to the 

undersaturated zone. In cases where the protein concentration is too high to sustain ordered 

aggregation, precipitates will form. The supersaturated precipitation zone is characterised by the 

formation of microcrystalline or amorphous precipitates, with the former being able to 

redissolve, keep their native conformation and sometimes act as good seeds for crystallisation.  

2.13.1 Sitting drop vapour diffusion  

The POIs were utilised to set up crystallisation trays using commercial screens: INDEX 

(Hampton Research), PACT (QIAGEN), MPD (QIAGEN), ammonium sulphate screen 

(QIAGEN), MORPHEUS (Molecular Dimensions) and Clear Strategy Screens I and II (CSS 

1&2). All were selected as initial screens because of the variety of salts, precipitants, pH value 

and additives they incorporate in order to cover an extremely diverse variety of chemical 

conditions. Sitting drop vapour diffusion experiments were set up in 96-well MRC 



55 

 

crystallisation plates with a Mosquito nanolitre pipetting robot (TTP lab-tech). The program 

carried the instructions to aliquot 54 ɛL of each screen solution into each well and then to 

aliquot 150 and 300 nL of sample to the top and bottom drop, respectively plus 150 nL of 

reservoir solution to each drop. 

In this kind of experiment, the protein-reservoir solution drop is placed in vapour equilibrium 

with the reservoir. Since the concentration of reagents is lower in the drop, water will diffuse 

from the drop to the reservoir, producing an increase in the protein and reagent concentrations, a 

fact that could take the drop solution into the labile zone for crystal nucleation (Figure 20b). The 

trays were stored in a temperature-controlled room at 18°C unless otherwise stated. 

 

 

 Figure 20. Protein crystallisation experiments 

(a) Phase diagram describing the crystal input as the concentrations of protein and crystallising 

agent increase. Adapted from Luft, et al, 2011 (94) .(b), (c) Sitting and hanging drop vapour 

diffusion settings. Adapted from reference (95). 

 

2.13.2 Manual optimisation: hanging drop vapour diffusion experiments 

When hits (formation of crystalline material) were observed in the 96-well trays, the original 

conditions were occasionally manually reproduced and optimised, varying the protein and 

reagent concentrations or additives. Optimisation was carried out with hanging drops 

equilibrated with 500 ɛL of reservoir in previously grease-sealed 24-well trays. Wells were 
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covered with siliconised glass coverslips and incubated at room temperature. Usually 1 ɛL of 

protein was mixed with 1 ɛL of reservoir, when indicated, 0.5 ɛL of seed stock were added.  

The principle of the hanging drop and sitting drop are the same, with differences lying in the 

speed of setup or easiness to fish the crystals (Figure 20c), and theoretical maximum dimensions 

of crystals grown due to the size of the drop and equilibration times. 

  

2.13.3 Seeding 

Seeding is a technique where already formed crystals are used as nuclei that are introduced into 

new reservoir-drop condition in a lower level of supersaturation to nucleate crystal formation 

(96). 

Two types of seeding were used: macroseeding and microseeding. Macroseeding implicated the 

transfer of macro seeds or crystal (5-50 µm in diameter) to the new drop. For this type of 

seeding, the seed stock preparation consisted of mixing drops that contained crystals (under 

similar conditions) and then streaking drops prepared as described for manual optimisation with 

a needle previously soaked in the seed stock.  

The preparation of the seed stock was more elaborate for the microseeding. Crystals from single 

drops were collected separately and then resuspended in 50 - 100 µL of ice-cold stabilising 

solution placed in a seed bead (Hampton research). The conditions on the stabilising solution 

were essentially the same as in the original reservoir solution but either the concentration of the 

main precipitant was slightly increased or glycerol was added to prevent the crystals from 

dissolving. The seed bead was vortexed for 1 min and then centrifuged at 14, 000 rpm at 4°C for 

1 min. The vortexing and centrifugation were repeated once. To use the seed stock, a final 

vortexing was implemented. The seed stock was added directly to the optimisation drop (0.5 

µL) or aliquot by the Mosquito robot into each of the 96 conditions from the commercial 

screens (50 nL). 

2.13.4 Crystal testing 

The fished crystals were flash-cooled in liquid nitrogen to be tested in-house using a MSC-

RUH3R X-ray generator (Rigaku) with rotating anode and MAR345 detector (Marresearch). 

When the diffraction was about 3.5 Å resolution, the crystals were kept in liquid nitrogen and 

sent to the Diamond Light Source, UK, facility to collect data at the I04 beamline. When some 

of the crystals were fished out, cryo-protectant solution was used to keep the crystal in optimal 

condition. 
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2.14 Bioinformatics, molecular graphics and modelling software 

The following online software was utili sed to investigate SPP1ôs G13P or G20C STôs sequences 

or to create figures of proteins relevant to this thesis from the published PDB files published in 

the RCSB PDB (97). 

2.14.1 Bioinformatics 

Å The Position-Specific iterated Basic Local Alignment Search Tool (PSI-BLAST) was 

used to align sequences of capsid proteins with published X-RAY structure to G13P (98). 

Å The secondary structure of G13P was predicted with the JPred server (99). 

Å Multiple sequence alignment and multiple secondary structure prediction were carried 

out using PRALINE using DSSP (100) and PSIPRED (101). 

Å Nucleotide sequences were aligned using ClustalW (102). 

Å Disorder prediction for G13P was done with DisEMBL
TM

 (103). 

 

2.14.2 Molecular graphics 

Å All molecular representations like ribbon diagrams or electrostatic surface 

representation were created using CCP4mg (18).  

 

2.14.3 Analysis of X-ray crystal structures 

Å The protein topology was sketched using the Pro-origami server (104). 

Å PDBePISA was used to identify H-bonds and buried/exposed surface (105). 

 

2.14.4 Modelling  

Å PDBefold was used to identify crystallised protein-DNA complexes that could be 

superposed to G20C ST. Scores will be explained in section 8.4 (106). 

 

2.15 Elucidation of X-ray crystal structures 

The following subsection provides the reader with a list of software used to solve X-ray 

structures. All the references are included for more details about the calculations and details of 

each program. 
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2.15.1 Data processing  

The set of diffraction patterns collected for crystals of native or Se-Met SPP1 G13P or G20C ST 

were processed to deduce crystal symmetry and cell dimensions, and to produce integrated 

intensities of the reflections present in every diffraction image using the program XDS (X-Ray 

Detector Software) (107) .  

The previously integrated reflections were merged by the program Aimless (108,109). Merging 

of reflections consists in averaging reflections equivalent by symmetry and of similar intensity.  

 

2.15.2 Phasing by single anomalous diffraction (SAD) 

The SHELXC and SHELXD (110) programs provided the location of the Selenium atoms 

present in SPP1 G13P and G20C ST.  

The phases of the data set were calculated using the software Phaser SAD (111,112) providing 

the integrated intensities, the substructure from SHELXD and the amino acid sequence. To 

investigate the structure of the crystallised G20C ST and SPP1 G13P double mutant in the 

lower-resolution native data sets, molecular replacement (MR) was carried out. The Phaser MR 

option was used to determine the phases inputting the refined Se-Met protein models of both 

proteins and the processed native data sets.  

 

2.15.3 Density modification and automated model building 

The program Parrot (113) was run to perform density modification on the phases determined by 

Phaser SAD in order to obtain an electron-density map to submit for automated model-building.  

The modified electron-density map, the sequence of G13P and the coordinates of the heavy 

atoms were fed to the program Buccaneer (114) to perform automatic model building.  

 

2.15.4 Refinement and validation 

The refinement, which is the process to improve the agreement of the model and the X-ray data 

was performed using the REFMAC software (115).  

Coot (116) was used for validation of the model. 

Additional miscellaneous data processing was carried out using diverse programs clustered in 

the CCP4 interface (117). 
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2.16 DNA-binding tests using electrophoretic mobility shift assays 

(EMSA) 

To test the capability of the G20C ST WT to bind DNA, the DNA concentration, either 

G20C_F1 or pUC18 (Chapter 9), was adjusted to 0.015 µM in a 20 µL total volume containing 

25 mM Tris pH 7.5, 100 mM NaCl, 20 mM Mg
+2

 and 1 mM ATP (a master mix was prepared to 

transfer the same volume to all the reaction tubes). The ST WT concentration was adjusted to 

3.75, 7, 15 and 30 µM to have molar ratios of 9-mers to 1 kbp DNA fragment of 250:1, 500:1, 

1000:1 and 2000:1, respectively. DNA controls included no protein to test the migration of 

DNA alone. Reactions were incubated at 37°C during 45 min and then loaded on 0.75 % (w/v) 

agarose gel. The gel was run at 60 V, 45 mA at room temperature for 1 h 20 min. SYBR  safe
®
 

was added during the preparation of the agarose gels.  

To test the capability of the ȹC, ȹN and DBD G20C constructs to bind dsDNA, the 

concentration of ȹC, ȹN constructs was adjusted to 30 ÕM while the concentration of DBD was 

270 µM. DNA concentration was kept at 0.015 µM for all the constructs so the final construct to 

1 kbp DNA fragment molar ratio was 2,000:1 for ȹC and ȹN, and 18,000:1 for the DBD. 

Solution conditions were the same as stated above, as was the procedure followed to run the 

agarose gel. 

 

Figure 21: DNA-binding experiment settings 
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Chapter 3 

3. Production of SPP1 capsid protein crystals 

 

The current chapter summarises approaches carried out to produce homogeneous SPP1 capsid 

protein to use in crystallisation experiments. The outcome of this investigation is arranged in 

subsections that describe the main results for the different types of modification that G13P 

underwent. Such modifications include truncations at the N- or C-termini, single and double 

point mutagenesis, and protein engineering by fusion. The information presented flows in a 

logical and chronological ordering. The design and purification of every modified construct are 

presented in the same subsection while the crystallisation work performed on every construct 

found to be suitable for crystallisation trials is summarised in section 3.5. Most of the 

experimental details are described in Chapter 2. Whenever appropriate, protocols and/or 

protocol modification are briefly described.  

3.1 Purification of G13P wild type 

The full length gene coding for G13P_WT was cloned into pET28a vector between the NdeI 

and XhoI restriction sites. The pET28a vector contains a Hexa-Histidine tag (His-tag) at the 5ô 

end of the NdeI restriction site, separated by a flexible linker that includes one thrombin-

cleavage site. Information about the cloning design for the WT protein and subsequent 

constructs can be found in appendix 1.  

The recombinant DNA was used to transform BL21 and Rossetta 2 pLysS cells. Overnight 

cultures of 5 mL medium were set up to perform a solubility screen from which it was observed 

that G13P_WT is expressed in a higher amount and in soluble form when induced in BL21 cells 

at 37 °C than in Rossetta 2 pLysS or at 16 ºC. Expression was scaled up to cultures of 750 mL 

medium to purify G13P_WT by NAC. 

 

3.1.1 Nickel Affinity Chromatography and Size exclusion chromatography  

The protocol for purification commenced with NAC and continued as described next. It was 

observed that the lysate had a cloudy aspect due to the presence of small granular white 

precipitate, indicating the formation of protein aggregates. Cell lysate containing G13P_WT, 

purified in 25 mM Tris pH 7.5, 150 mM NaCl using an imidazole gradient (Figure 22), eluted in 

four peaks which indicated four species with different affinity towards nickel ions. The peaks 

were analysed separately. SDS-PAGE confirmed that the SPP1 capsid protein was present in all 

peaks and that the migrating size corresponded to the expected size, ~35 kDa.  
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Figure 22. Purification of G13P_WT 

(a) NAC profile. Peaks and fractions are numbered 1-4 according to the peak numbering. The yellow 

arrowhead points to G13P. The lysate, flow through (FT) and eluted fractions were loaded onto the SDS-

PAGE. (b) SEC for the four peaks from NAC. The elution volume of the main species is indicated. The 

gel in the inset represents fractions from SEC runs. (c) 2% Uranyl acetate stain for cryo-EM. The 

diameter of one structure is indicated by light blue numbers and a single capsid wall is indicated by a red 

star.  

 

The same volume from each peak was run through a S200 10/30 SEC column to further 

separate species in the samples by size. Even though protein concentration is different in the 

four samples, it is observed that G13P_WT elutes in the void volume of the column, which is 
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the volume confined to species that are too big to migrate through the gel pores due to its 

aggregated form. Peaks 1, 2, 3 and 4 eluted at ~7.5 mL. By running commercial SEC markers, it 

was estimated that monomeric species would be expected to have an elution volume of around 

14.4 mL, as an example, ovalbumin (44 kDa), eluted at 14.4 mL under the same conditions 

G13P_WT was run. 

To rule out the His-tag playing a role in the aggregation process, one thrombin-digested sample 

was analysed by SEC. The digested sample showed the same elution volume as the undigested 

samples, confirming that both samples form aggregates, and thus indicated that aggregation is 

probably mediated by G13P-G13P contacts.  

SEC fractions of non-digested sample were analysed by cryo-EM by collaborators at the 

Birkbeck College, London (Figure 22c). Deformed capsid-like structures of ~ 560 Å in diameter 

and ~ 35 Å-thick walls were visible. The capsid-like structures were shown to pack against each 

other, as had been observed with the overexpression of G13P_WT in the absence of scaffold 

protein G11P which also led to the formation of aberrant capsids (29).  

The discovery that the size of the capsid-like structure is smaller than that of the mature capsid 

(~610 Å (41)) determined by cryo-EM but the wall is thicker (~27 Å thick in the mature capsid) 

can be explained by the absence of G11P or G6P that when present, lead G13P to organise into 

a proper icosahedral shell. Also, the absence of the molecular motor to pack DNA leads to the 

immature versions of the capsid that do not undergo expansion when full with DNA. Thickness 

of the presented capsid-like structure is also bigger than that of the mature HK97 capsid (~18 Å) 

(39), supporting the idea that reorganisation of the capsid protein is needed to produce thinner 

but more stable walls.  

3.1.2 Solubility test 

To overcome the G13P_WT polymerisation property in pursuit of obtaining stable and soluble 

monomer, a more thorough solubility screen was carried out (Figure 23a). New overnight 

cultures were resuspended in buffers containing 50-500 mM NaCl and 50 mM of buffer (Na 

acetate pH 4, Tris pH 7.5 or Ches pH 10). Different additives like glycerol, sucrose or metals 

were also added. After sonication, total samples were taken to use as reference and the 

remaining solution was centrifuged at the start time (To) and incubated at RT during thirty 

minutes or two hours. After this time, samples that would make a new total sample were taken 

(2h) and the rest of the solution was spun down at 13.3 krpm to obtain the soluble fraction 

(S2h). Where indicated by a star (*) , samples were spun down at 17.5 krpm, the same speed that 

is used to obtain a clear lysate for NAC.  
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Figure 23. Screening of conditions to disrupt aggregation  

(a) Solubility screen at pH 4 (top), 7.5 (centre) and 10 (bottom). The time (T0 or 2 h) at which total 

samples were taken is indicated at the top part of the lanes and the NaCl concentration or included 

additives are indicated at the bottom part. ñS2hò and a star (*) denote the final soluble fractions after the 2 

h of incubation and after centrifugation at high speed (17.5 krpm), respectively. (b) SEC of thrombin-

digested and digested G13P _WT at varying pH and NaCl concentration. The elution volume of the main 

specie is indicated. 
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None of the conditions tried had a significant effect in stopping aggregation as can be seen in 

samples after centrifugation. For example, when pH 7.5 was used the amount of protein at To 

was reduced to about 50%, of the original amount in the three tested NaCl concentrations.  

After two hours, the same amount of protein remained in solution (2h), however, subsequent 

centrifugation decreased the amount of protein (S2h). When the sample in 150 mM NaCl was 

centrifuged at fast speed (17.5 krpm), most of the protein precipitated (Figure 23). 

In experiments including additives, samples were only incubated during 30 min but the 

behaviour observed is the same as explained above for samples with no additives.  

In the case of acidic pH, samples precipitated when SDS was added to the mix, forming solid 

aggregates that did not migrate through the polyacrylamide gel.  

3.1.3 Size exclusion chromatography with variable NaCl concentration 

To confirm whether changes in the pH or NaCl concentration had any effect in leading 

G13P_WT towards the formation of smaller or monomeric species more suitable for 

crystallisation, thrombin-digested samples from NAC were run onto a SEC column using 

conditions different to the originally tested (Figure 23b). The logic behind this screen is to find 

those conditions where solvent-protein contacts are preferred over protein-protein contacts. This 

approach demonstrated that the size of the aggregates does not vary upon change in pH or NaCl 

concentration as all the samples eluted at 7.5mL, corresponding to the void volume.  

 

3.2 Purification of truncated G13P 

3.2.1 Secondary structure prediction  

Considering that the WT protein was not suitable for crystallographic studies, truncations at the 

N- and C-termini were introduced based on the secondary structure and disorder predictions 

(Figure 24) in an attempt to produce more ordered monomers by removal of disordered regions. 

Often, short regions at both ends do not have a defined secondary structure and their flexibility 

prevents the whole protein from establishing regular contacts with other subunits to form a 

crystal. It is not unusual that removal of a few residues at either end results in more soluble or 

non-aggregating proteins. Ten truncated versions of G13P were designed (appendix 1) and 

cloned: only one construct lacked a C-terminal portion while the other nine lacked several 

lengths of the N-terminus. Moreover, three of these constructs were GST-tagged and the rest 

had an N-terminal His-tag, removable with thrombin protease.  



65 

 

 

Figure 24. Design of truncations in G13P_WT 

(a) Scheme of the secondary structure prediction by JPred (not to scale). Ŭ-helices, ɓ-sheets and loops are 

represented by cylinders, thick arrows and a black line, respectively. Numbering is included. Positions 

where truncations where introduced are indicated by green arrowheads. The residue showed on top of 

each arrowhead is the first residue after the start methionine. (b) Disorder prediction was carried out using 

the DisEMBL server (103). The disorder probability is plotted versus the amino acid number. The blue 

line represents the propensity to form loops, the green line the disordered regions and the red line the 

floppy loops that have high temperature factors.  

 

3.2.2 Solubility test 

The designed constructs were cloned and expressed (see appendices 1-3) in two bacterial strains 

at 16 and 37 °C. The solubility tests showed that constructs expressed at 16 °C and 37 °C 

G13P_ȹC, ȹN15 His-tagged, ȹN15 GST-tagged, ȹN21 His-tagged, ȹN21 GST-tagged and 

ȹN27 were insoluble in both strains in spite of being expressed in high amount (Figure 25a). 

Only results from one strain, one temperature or a small number of buffers are shown. Unless 

otherwise mentioned, similar findings were observed in all conditions.   
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When the protein was soluble, variations in pH or NaCl concentration did not seem to make a 

difference since the amount of protein found in solution was similar between the samples. For 

construct G13P_ȹN10 it was observed that expression at 16 °C produced soluble protein in 

contrast to expression at 37 °C, where even though the POI was expressed, it was not soluble.  

The introduction of the GST-tag in constructs G13P_ȹN15 and ȹN21 did not improve 

solubility. The GST-tag was chosen due to its high solubility and large size that would impede 

G13P aggregation. One version of the G13P_WT with GST tag was cloned, expressed and 

purified, but it did not produce a high yield (not shown). G13P_ȹN6 exhibited high solubility in 

all the tested conditions. 

The truncated constructs were designed and expressed at different times, therefore the 

conditions tried varied based on experience with previously characterised constructs.  

 

3.2.3 Nickel Affinity Chromatography and Size exclusion chromatography  

The two truncated versions that were soluble were expressed on a large scale followed by NAC. 

It was observed in repeated experiments that centrifugation at high speed of the lysate of cells 

containing G13P_ȹN10 led to precipitation. New crude lysate was loaded onto a His-Trap FF 

crude column that allows loading crude lysate without further centrifugation. Using this 

approach made it possible to obtain enough G13P_ȹN10 to perform SEC to characterise its 

oligomeric state (Figure 25b). Both thrombin-digested and non-digested samples were analysed, 

demonstrating that G13P_ȹN10 still forms big aggregates that elute in the void volume.  

G13P_ȹN6 was purified by standard NAC, however its behaviour in SEC was the same as 

G13P_ȹN10 as it also eluted in the void volume.  

Only G13P_ȹC included truncation at the C-terminus and it was the first construct characterised 

after the WT. A thorough solubility screen that involved testing the conditions tried with the ȹN 

constructs was carried out. In addition, protein auto-induction was also included. After several 

efforts to make it soluble it was abandoned in favour of the ȹN constructs (Figure 25a). 

Truncating the G13P_WT protein proved not to be an effective approach to stop aggregation. 

Nevertheless, it established the extent to which the protein could be truncated. This information 

was useful when designing new modifications that will be described later in this chapter. 

 



67 

 

 

Figure 25. Production and purification of the G13P truncated constructs 

(a) Solubility screen of truncated constructs. Only results from BL21 cells induced at 16°C are shown. 

The pH and NaCl concentration are indicated at the top part of the gel. The gels are not to scale to each 

other, for that reason the protein markers are included in every gel. ū corresponds to samples before 

protein induction. Total samples correspond to the sonicated sample after induction and the rest of the 

lanes to the soluble fractions. (b) SEC profile of G13P_ȹN6 and G13P_ȹN10. The elution volume is 

indicated at the top of the peaks.  
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3.3 Design and purification of single and double mutants 

3.3.1 Design of single mutants 

From section 1.5.1 it is evident that in spite of the low sequence homology between the known 

capsid proteins from dsDNA bacteriophages, they all have the HK97-fold. Position-specific 

iterated Basic Local Alignment Search Tool (PSI-BLAST) was used to find proteins with 

published structure that would guide us in the design of mutations that stop interactions between 

G13P_WT (No cryo-EM model of G13P was available during the early years of this project). 

The mutations were expected to disrupt the formation of the capsid-like structures promoting 

the formation of hexamers, pentamers or monomers in isolation. The PSI-BLAST was used to 

produce a multiple protein sequence alignment with HK97 gp5 that showed 28 identical 

residues (11%) and 70 conservative substitutions (27%) introducing 10 gaps (Figure 26a). Once 

HK97 gp5 was predicted to have structural homology to G13P, the analysis of the PDB file was 

carried out using the PDBePISA server. 

3.3.2 PDBePISA Analysis 

Residues participating in inter-subunit contacts in the HK97 icosahedral asymmetric unit were 

identified with PDBePISA, which lists the H-bonds created at the different interfaces between 

the seven subunits (Figure 26). Table 5 and Table 6 list some of the residues that establish H-

bonds between subunits F & A, both from the hexamer, and between subunits G & F, with G 

being part of the pentamer (complete tables can be found in appendices 4 and 5).  

Six residues were selected in HK97 gp5 based on their likely significance in forming positive 

interactions with neighbouring subunits because of their positioning or H-bonding ability. The 

aligned residues in SPP1 G13P, based on PSI-BLAST were mutated to facilitate 

crystallographic studies (Figure 26). 

Residue N291 from HK97 gp5 is situated at the top of the A-domain and it creates a circular 

network of H-bonds with the same residue in the adjacent subunits in both pentamers and 

hexamers. In SPP1, the same position identified by the iterated BLAST sequence alignment is 

occupied by residue D194. This residue was mutated to tryptophan by single point mutagenesis, 

due to the tryptophanôs size and steric bulk that would be expected to disrupt the H-bonding 

network at the subunit-subunit interface, and at the same time keep A-domains of other subunits 

further from each other (Figure 26 and Figure 27).  
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Figure 26. Design of mutations in SPP1 G13P_WT 

(a) Alignment of SPP1 G13P and HK97 gp5 sequences obtained by iterated PSI-BLAST procedure. Key 

residues from HK97 gp5 that were identified to be important for inter-subunit contacts are shown in 

yellow boxes, while the corresponding residues, that were mutated in SPP1, are shown in blue boxes. 

Residues that covalently link HK97 capsid are shown in red boxes. Helix Ŭ3 sequence is squared in a 

cyan box. Identical residues and conservative substitutions are indicated by the one-letter code or plus 


















































































































































































































































































