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Abstract 

The three-stranded β-helix is a highly regular and repeated structure and is 

extremely stable against heat and denaturing agents. It is thus suitable for the template 

in designing rod-shaped nanomaterial. In our laboratory, the artificial three-stranded 

β-helices have been developed by stacking a certain region of the three-stranded β-helix 

of gp5 from bacteriophage T4, which consists of 12 repeats of octapeptide 

VXGXXXXX (X: any amino acid). However, the engineered three-stranded β-helices 

tend to aggregate. To reduce the aggregation of the artificial three-stranded β-helices, 

deeper understanding of structural foundation of the three-stranded β-helix is required. 

In the past 10 years, a number of T4 gp5 homologs were found not only in 

bacteriophages, but also in the Type 6 secretion systems (T6SS) of Gram-negative 

bacteria. The putative three-stranded β-helical region of these proteins have distinctive 

features in amino acid sequence, e.g. another conserved motif (gp5 of KVP40 phage), 

different repeat sequence such as VGXXXXXX or no apparent repetitive sequence 

(VgrG proteins of T6SS). In the present study, in order to elucidate the relationship 

between folding and amino acid sequences of three-stranded β-helix, I examined the 

structure and properties of six VgrG proteins from pathogenic E. coli O157 (VgrG1, 

VgrG2 and VgrG3) and CFT073 (c3393, c1888 and c1883) and gp5 of bacteriophage 

KVP40. I also tried to obtain artificial three-stranded β-helix in trimeric form by the 

fusion of SlyD, and finally I was able to eliminate the partially unfolded artificial 

three-stranded β-helix by limited proteolysis. 

VgrG1his, VgrG2his, VgrG3his from E. coli O157 and c3393his c1888his and 

c1883his from E. coli CFT073 were over-expressed in E. coli cells. They tend to become 

insoluble, but E. coli O157 VgrG1his and E. coli CFT073 c3393 were partially soluble, 

which were enough to purify for further experiments. The sedimentation velocity 

analysis and far-UV CD analysis indicated that E. coli O157 VgrG1his and E. coli CFT 

c3393his are trimer in solution and rich in β-structure, which were in agreement with the 

previously proposed structure of VgrG proteins, namely T4 gp27-gp5-analogous 

structure without lysozyme domain.  

 The crystal structure of the C-terminal trypsin-resistant fragment of E. coli 

O157 VgrG1 (VgrG1CG561) was determined at 1.95Å resolution by X-ray 
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crystallography. It forms a prism-shaped antiparallel three-stranded β-helix. The 

topology and structure of VgrG1CG561 were similar to the three-stranded β-helix of 

gp138 of phi92 phage, which indicates a possible evolutional relationship between them. 

The β-helix of VgrG1CG561 was stabilized by the hydrogen bonds and a salt bridge at 

the sharp kinks and the hydrophobic interaction at the center of β-helix. The 

intermolecular hydrogen bonds and hydrophobic interaction has been also observed in 

gp138 from phi92 phage thus they are considered to be conserved stabilization 

mechanism of intertwined three-stranded β-helix. VgrG1CG561 has a long loop of 17 

amino acid residues between Asp570 and Ala586. I surmised that some VgrG proteins 

would have an enzymatic domain in this loop or a certain Type 6 secretion system 

protein would bind to the loop. 

I also tried to determine the crystal structure of E. coli CFT c3393. The hisc3393 

was successfully crystallized and the X-ray diffraction data was collected at 3.35Å 

resolution. The phase was determined by molecular replacement but the search model 

needs to be improved for complete structure. 

In order to identify the determinant of the topology of the three-stranded 

β-helix whether it takes intertwined β-helix or antiparallel three-stranded β-helices, 

structure-based sequence alignment of these structures were performed. It revealed the 

preferred and forbidden amino acid sequence for either antiparallel or intertwined 

three-stranded β-helix. 

Gp5 of bacteriophage KVP40 is expected to have the longest three-stranded 

β-helix among the proteins with VXGXXXXX sequence. To examine its atomic 

structure by X-ray crystallography, I performed crystallization of KVP40 gp5. It was 

crystallized in two different forms, namely hexagonal-shape and rhombohedral-shape. 

The full X-ray diffraction data was collected from rhombohedral-shaped crystals at 

2.59Å resolution, but the phase remains to be determined. 

 To obtain homogeneous artificial three-stranded β-helical polypeptides, I have 

tried to prevent unfavorable associations of β-helix by fusing a SlyD protein and a 

foldon domain of fibritin protein. It was found that the fused proteins has reduced 

amount of large aggregation, but complete prevention of oligomerization of the β-helix 

was not attained. Native PAGE indicated that the purified artificial three-stranded 

β-helical polypeptides contain partially unfolded species. It was also found that the 
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partially unfolded species could be eliminated by the limited trypsin digestion. Finally, I 

have succeeded in the purification of artificial three-stranded β-helix to near 

homogeneity, which was shown to be a dimer of β-helix by AUC. The purification 

method established in this study is expected to be applicable to longer β-helix 

constructs. 
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Chapter 1 

General Introduction 
 

1-1 Background 

Proteins are synthesized at the ribosome through the process of so-called 

translation as a polypeptide chain based on the nucleotide sequence of the mRNA. 

However, the synthesized polypeptide chain acquires its function only after it is folded 

into a unique three-dimensional structure. The physical principle by which it is folded 

into a unique structure has been a central key question in protein science. In 1963, 

Anfinsen discovered that the protein folding is a spontaneous process which does not 

require any external factors, but only depends on the amino acid sequence. This meant 

that there must be a physical principle that governs the formulation of the 

three-dimensional structure based on the sequence. As a result of efforts of many 

investigations in this field, methods of predicting higher order structure based on the 

sequence have been developed including theoretical approaches based on the first 

principle and empirical methods based on the relationship between the determined 

three-dimensional structure in Protein Data Bank (PDB) and the amino acid sequence, 

or the combination of the two. Since the first structure determination of myoglobin by 

Kendrew in 1958 (1) and hemoglobin by Perutz in 1960 (2), a great number of protein 

structures have been determined and deposited in PDB. Today, the number of protein 

structure registered in PDB exceeds 88,000 and it is still growing exponentially. 

Although most of the newly determined structures have been attributed to known 

structure family, completely new folds are still being discovered. 
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1-2 The hierarchical structure of proteins 

In order to understand the protein structure, it is convenient to dissect the 

structure into hierarchical order namely, primary (amino acid sequence), secondary 

(local regular structure formed by hydrogen bond between main chain carbonyl oxygen 

and amide nitrogen), tertiary (assembly of secondary structures) and quaternary 

(association of subunit proteins) structure. Primary structure is a sequence of 20 kinds 

of amino acids, and the number of the possible kinds of the primary structure of a 

polypeptides chain is huge; the possible number for a polypeptide chain consisting of N 

amino acids would be 20N, assuming equal appearance of the 20 amino acids, which is 

indeed astronomical. However, the number of secondary structure is limited due to 

mainly the steric hindrance of the side chain β-carbon and the carbonyl oxygen in the 

peptide bonds; representative secondary structures are α-helix, β-sheet, turn and the 

remaining “random” structure.  

α-helix is an abundant structure and can be found in many proteins either as a 

single helix, or two-, three- or four-stranded coiled coil. There is some variation of 

α-helix, namely, 310 helix and the π-helix, but they are only found at the terminus or at 

some internal positions of α-helix and the appearance is limited. Another abundant 

helical structure is a three-stranded collagen helix.  

β-structure is basically constituted of either parallel or anti-parallel β-sheet, but 

has been found to form a variety of higher order structure as described more in detail in 

the next section. I only point out here that β-sheet itself has variation in the number of 

β-strands, the length and the curvature of the sheet.  
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1-3 The variation in β-structure 

As already mentioned, β-structure is either parallel or anti-parallel when 

dissected into a small local region. However, it constitutes a whole a variety of higher 

order structures, namely β-barrel, β-sandwich, β-spiral, β-propeller and β-helix.  

β-barrel is a well-known β-structure, where a β-sheet twists and makes a closed 

structure (Figure 1-1 (A)). It is frequently found in the membrane proteins of 

mitochondria and the outer membrane of Gram-negative bacteria. It is also found in the 

structure of bacteriophage proteins as an OB-fold 

(oligonucleotide/oligosaccharide-binding fold) (Figure 1-4).  

β-sandwich is formed by two stacked β-sheets (Figure 1-1 (B)). This fold is 

found in the Fab region of immunoglobulin thus it is also called as immunoglobulin fold. 

In addition to these classical β-structures, a number of new β-folds have been 

discovered in the last two decades.  

β-spiral was first found in the fiber protein of adenovirus in 1999 (3). It is one 

of the most complex β-structure, which consists of repeated β-sheet structures 

consisting of six β-strands (two antiparallel β-strands constituted from three polypeptide 

strands) and the loops connecting between them (Figure 1-1 (C)).  

β-propeller is found in the cytochrome cd1-nitrate reductase, whose structure 

was determined in 1995 (4). β-propeller is assembled from 4 to 8 of slightly twisted 

intertwined β-sheets. Each β-sheet is formed by four β-strands. This fold is often found 

in the enzyme proteins and regulatory proteins (Figure 1-1 (D)).  

The single stranded β-helix was first found in the pectate lyase from Erwinia 

chrysanthemi (5) and the alkaline protease from the Pseudomonas aeruginosa (6) 

almost at the same time in 1993. Single-stranded β-helices are formed by 2 to 4 parallel 
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β-sheets, which are formed by a single polypeptide chain folded into right-handed or 

left-handed helical structure (Figure 1-1 (E)).  

The three-stranded β-helix was first found in the short tail fiber gp12 of T4 

phage in 2001 (7) (Figure 1-1 (F)). It was subsequently found in the tail lysozyme, gp5, 

of T4 phage. The three-stranded β-helices have a triangular prism shape, which is 

formed by three antiparallel β-sheets (each β-sheet is formed by each polypeptide 

strand) or intertwined three parallel β-sheets (each β-sheet is formed by alternatively 

arranged three polypeptides) or the mixture of them. In the next section, I will focus on 

the three-stranded β-helix of T4 gp5. 
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Figure 1-1. The variation of β-structure. (A) The β-barrel (OmpA from Escherichia 

coli: PDB 1QJP). (B) β-sandwich (Fab region of human antibody; residues 1-115 PDB 

1DFB). (C) β-spiral (adenovirus fiber protein: residues 319-393, PDB 1QIU). (D) 

β-propeller (cytochrome cd1-nitrate reductase from Paracoccus pantotrophus: PDB 

1AOF). (E) single-stranded β-helix (PelC from Erwinia chrysanthemi: PDB 1O8F). (F) 

three-stranded β-helix structure (gp12, short tail fiber of T4 phage: residues 290-327; 

PDB 1H6W). 
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1-4 The three-stranded β-helix of T4 phage gp5 

Bacteriophage T4 is a virus which infects Escherichia coli. It injects the 

genome DNA into the host cell by the supramolecular structure called “tail”. The tail of 

bacteriophage T4 is composed of two parts, namely, the co-cylinder structure and the 

baseplate at the distal end of it. The tail lysozyme gp5 (gene product 5) locates at the 

central tip of the baseplate in trimer (Figure 1-2). During the infection, it penetrates the 

outer membrane and locally degrades the peptidoglycan of the host cell (Figure 1-3). 

The crystal structure of gp5 has been solved in complex with gp27 as a hetero 

hexamer ((gp27)3-(gp5)3) by Kanamaru et al. in 2002. T4 gp5 contains three domains, 

namely, the N-terminal OB-fold domain, the middle lysozyme domain and the 

C-terminal β-helix domain (gp5C) (Figure 1-4). The N-terminal OB-fold domain has a 

β-barrel fold consisting of five β-strands. The exact function of this domain is yet to be 

elucidated. The lysozyme domain is made of only α-helix. This domain contributes to 

the local degradation of the peptidoglycan. The C-terminal β-helix domain forms the 

three-stranded β-helix. This domain is thought to function as a needle to puncture the 

outer membrane. 

The three-stranded β-helix of T4 gp5 can be divided into two parts, namely the 

β-prism made of three antiparallel β-sheets each constituted by five β-strands and an 

intertwined three-stranded β-helix which has a slightly twisted triangular prism-like 

shape with the dimensions of 30Å × 90Å. The latter part consists of intertwined 

three-stranded β-helix forming totally 18 steps. The intertwined region contains the 12 

repeats of conserved eight amino acids VXGXXXXX where X indicates any amino 

acids. This peptide with eight amino acid residues forms each step of the triangular 

prism. The polypeptide sharply kinks at the conserved glycine residues and the side 
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chain of the other conserved valine residue fills the inner space at the kink. This 

repeated structure makes the three-stranded β-helix of T4 gp5 highly regular. This 

three-stranded β-helix is extraordinary stable and shows resistance to 10% SDS and 2M 

guanidine hydrochloride (8). This stability is considered to be needed for its penetration 

to the outer membrane of the host E. coli upon infection. 

In the next section, I will introduce the application of the three-stranded β-helix 

of T4 phage to nanomaterials. 
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Figure 1-2. The location of gp5 in the tail of T4 phage. Red arrow indicates the position 

of gp5. Courtesy of Professor Petr Leiman. 
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Figure 1-3. The function of T4 (gp27)3-(gp5)3 complex during the infection. Three gp27 

are drawn in yellow purple and gray and three gp5 are drawn in blue, red and green. 

OM and PG indicate outer membrane and peptidoglycan, respectively. 
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Figure 1-4. The crystal structure of T4 gp27-gp5 complex (8). The same colors are used 

as Figure 1-3. 
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Figure 1-5. The octapeptide (VXGXXXXX) repeat of T4 gp5. (A) The amino acid 

sequence of the intertwined three-stranded β-helix of T4 gp5. (B-C) The side view and 

the bottom view of the intertwined three-stranded β-helix of T4 gp5. 
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1-5 The three-stranded β-helix as a nanomaterial 

The three-stranded β-helix is extremely stable against heat and denaturing 

agent thus it is suitable for nanomaterial. As I mentioned in the previous section, T4 gp5 

has a particularly regular and repetitive three-stranded β-helix thus some nanomaterials 

have been designed using it. For example, ball-and-spike structure was constructed by 

fusing the three-stranded β-helix of T4 gp5 to ferritin-like protein LisDps (Figure 1-6) 

(9) and tetrapod structure was constructed by assembling four T4 gp5 molecules with 

C-terminal hexa-histidine tag via a gold particle (10) (Figure 1-7). In 2010, the scaffold 

of a chemical reaction was also constructed by chemically conjugating the derivative of 

flavin to the three-dimensionally ordered lysine residues of the three-stranded β-helix of 

T4 gp5 (Figure 1-8) (11). 

In our laboratory, we have been trying to produce protein nanotube using the 

three-stranded β-helix of T4 phage gp5 as a template structure. The results in this 

direction will be described in the introduction of Chapter 4.  

In the following sections, I will review the variations of the C-terminal region 

of T4 gp5 in bacteriophages and recently discovered VgrG proteins of bacterial type 6 

secretion systems. 
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Figure 1-6. The application of T4 gp5 (ball and spike structure) (Sugimoto et al., 2006, 

partly modified) (9). (A) The structure of LisDps. (B) The structure of three-stranded 

intertwined β-helix of T4 gp5. (C) The ball and spike structure.  

 

 

 

 

 

 

 

Figure 1-7. The application of T4 gp5 (tetrapod structure) (Ueno et al., 2006) (10). Four 

T4 gp5 molecules with C-terminal hexa-histidine tag are associated via a gold particle. 
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Figure 1-8. The application of T4 gp5 (scaffold for a chemical reaction) (Yokoi et al, 

2010 (11)). The green prism indicates a part of T4 gp5C and the red cylinder indicates 

the foldon of T4 wac. The orange rod indicates the derivative of flavin. 
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1-6 The variation of T4 gp5 homologs in bacteriophages 

From the viewpoint of the evolutionary tree, T4 and T4-related phages 

constitute a subfamily of Myoviridae (the bacteriophage with contractile tail).  

T4-related phages are classified into four groups based on the amino acid sequence 

identity of the head forming protein to that of T4 phage, namely, T-even (>90% identity), 

pseudo T-even (80-90% identity), schizo T-even (50-80% identity) and exo T-even 

(<50% identity) (Figure 1-9) (12, 13). The homolog of T4 gp5 is found in the 

bacteriophages of all these four groups but their amino acids sequence identities against 

T4 gp5 are 40-50% in pseudo T-even, 30-50% in schizo T-even and <15% in 

exo-T-even. The lysozyme domain of T4 gp5 is not found in KVP40 gp5 (14). 

Comparing the amino acid sequence of the C-terminal domain of T4 gp5 with gp5 

homologs, the T-even gp5 is almost the same as that of T4 gp5, but that of pseudo 

T-even and shizo T-even has less than 40 % of identity with that of T4 gp5 and some 

insertions of eight residues or so are observed. Among them, gp5 of KVP40 phage has a 

lower identity of about 35 % and four insertions of 7-8 residues are present (Figure 

1-10). Thus gp5 of KVP40 was chosen as a target of this study as described later.  

 In addition to T4-related phages, the bacteriophages belonging to other 

subfamilies of Myoviridae have been shown to contain the homolog of gp5 in the past 

two years. In 2012, the crystal structure of gp138 from phi92 phage (rv5-like group) and 

the gpV from P2 phage (P2-like group) were determined (15, 16) and, in 2013, the 

crystal structure of gp45 from Mu phage (Mu-like group) was determined (17) (Figure 

1-11). The detailed comparison will be described in Chapter 2. In the next section, I will 

focus on the recently discovered VgrG protein of bacterial type 6 secretion system. 
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Figure 1-9. The four subgroups of T4-related phages (Emma Hambly et al., 2001, partly 

modified) (13). 
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Figure 1-10. The multiple sequence alignment of gp5 homologs of T4-related phages. The sequences alignment was carried out by 

clustalW2 (18). The amino acids identical to T4 gp5 are colored in green. Asterisk indicates the conserved valine and glycine residues of 

T4 gp5 β-helix domain. 
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Figure 1-11. The crystal structures of T4 gp5 homologs of distantly related Myophages. 

(A) gpV of P2 phage (P2 group) (PDB code 3QR8 and 3QR7). (B) gp45 of Mu phage 

(Mu group) (PDB code 3VTO). (C) gp138 of phi92 phage (rv5-like) (PDB code 3PQI). 

In T4 phage, the apex domain is present as a separated protein (gp5.4 (19)). 
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1-7 VgrG proteins, the homolog of T4 gp27-gp5 complex in bacterial Type 6 

secretion systems 

Bacterial type 6 secretion system was first discovered in Pseudomonas 

aeruginosa (20) and Vibrio cholerae (21) at the almost same time in 2006. The 

following studies have revealed that the type 6 secretion system is widely distributed in 

Gram-negative bacteria; it is found in more than 25% of Gram-negative bacteria with 

known genome sequence (22). The overall structure of type 6 secretion systems and 

their various biological functions are described in the Introduction of Chapter 2. 

The T4 gp5 homolog in Type 6 secretion system is called VgrG protein (valine 

glycine repeat protein G). VgrG proteins commonly contain a homologous region of T4 

gp27, which sits on gp5 trimer (Figure 1-4) in T4 phage, as a domain of the polypeptide 

in addition to the OB-fold domain and the three-stranded β-helix domain of T4 gp5. 

However, it does not possess the lysozyme domain, which is present in T4 gp5. The 

number of predicted β-strands and their amino acids sequences, which presumably form 

three-stranded β-helix, are highly diverse among VgrG proteins even in the same strain 

of bacterium. I focus on the VgrG proteins of E. coli, but even limited to VgrG protein 

in E. coli, there are three types of VgrG proteins, namely, one type containing 

VXGXXXXX repeat like T4 gp5, another type containing VGXXXXXX and the last 

type containing no apparent repeat sequence.  

The homology of the phage protein, gp27-gp5 and VgrG protein suggests some 

evolutional and structural relationship of this highly specified protein. I am interested in 

the relationship between the variation of the amino acid sequence and the 

three-dimensional structure.  
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1-8 The purpose of this study 

The three-stranded β-helix of T4 gp5 has a highly regular and repeat structure 

and is extremely stable against heat and denaturing agent. It is thus suitable for the 

template in designing rod-shaped nanomaterial. 

In the last 10 years, a huge number of T4 gp5 homologs were found in the 

bacteriophages and the bacterial type 6 secretion systems (in the latter, they are called 

VgrG proteins). Some of them contain an octapeptide repeat of VXGXXXXX like T4 

gp5, but others contain the repeat of VGXXXXXX and the remaining have no apparent 

repeat sequence.  

In the present study, I over-expressed, purified and characterized the VgrG 

proteins from pathogenic E. coli O157 and CFT073 strains and gp5 from KVP40 phage. 

The crystal structure of the C-terminal region of E. coli O157 VgrG1, which has no 

apparent repeat, was determined at 1.95Å resolution and the relationship between the 

amino acid sequence and the three-stranded β-helix fold were analyzed.  

Gp5 from T4 and schizo T-even phage KVP40 have the same VXGXXXXX 

repeats, but have some distinct feature as will be described in Chapter 3. This system 

gives us a unique and intriguing opportunity to investigate how this distinct feature of 

the octa amino acids repeat is reflected in the three-dimensional structure of the β-helix. 

I have also constructed and over-expressed the artificial three-stranded 

β-helical polypeptides by duplicating the 48 amino acids (six β-strands) of T4 phage 

gp5 and fusing the SlyD and foldon at N-terminus and C-terminus, respectively. It was 

characterized in detail, and, finally, the artificial three-stranded β-helical polypeptide 

was purified to near homogeneity in dimer of trimer state by the use of limited 

proteolysis. 



21 
 

Chapter 2 

Structure and properties of VgrG proteins from 

Escherichia coli O157 and CFT073 
Bacterial Type 6 secretion system (T6SS) is a highly complex organelle 

localized in the cell membrane (23). The T6SS genes often cluster together, and this 

cluster consists of highly conserved 13 core genes and several strain-specific genes (24). 

The structural proteins of T6SS assemble into a contractile supramolecular structure 

with the length of ~0.7 μm (23). Upon contraction of the sheath structure, it shortens 

down to ~0.4 μm and drives the secretion of protein toxins or effector molecules into 

target cells (23). The physiological functions played by T6SS significantly vary; e.g. 

cytotoxicity against eukaryotic cells by actin crosslinking (Vibrio cholerae (25, 26)) or 

actin ribosylation (Aeromonas hydrophila (27)), interbacterial competition 

(Pseudomonas aeruginosa (28, 29) and V. cholera (30)), biofilm formation 

(enteroaggregative Escherichia coli (EAEC) (31)) and virulence (Burkholderia mallei 

(32, 33) and P. aeruginosa (20, 34)). 

The Type 6 secretion apparatus consists of two parts, namely the 

membrane-associated protein complex and a syringe-like structure extending from it to 

the cytosol. The syringe-like structure is structurally analogous to the tail of contractile 

bacteriophage though it is much longer than the contractile tail (the tail of T4 phage is 

0.1 μm). The syringe-like structure is assumed to consist of the following proteins – 

VgrG, Hcp, and VipA/VipB – which are the homologs of the gp27-gp5 complex, gp19 

(tail tube protein) and gp18 (tail sheath protein) of T4 phage, respectively (23). On the 

other hand, most of the membrane-associated proteins are not homologous to phage 

proteins. Interestingly, a homolog of a small protein from the T4 tail baseplate called 

gp25, is found in T6SS. Therefore, membrane-associated proteins may function as the 

baseplate of Type 6 secretion system (35). 

In T6SS, VgrG protein is thought to function similar to the gp27-gp5 complex 

in T4 tail; it may penetrate the outer membrane of the host cell and the membrane of 

target cell from inside and outside, respectively. VgrG is an essential component of 

T6SS and found in the culture supernatants of the T6SS expressing cells (25, 30, 36). 
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Multiple vgrG genes are often found in many bacterial genomes. In the case of 

pathogenic E. coli O157 and CFT073 strains, three vgrG genes are identified in each 

strains, namely vgrG1, vgrG2 and vgrG3 of E. coli O157 and c3393, c1888 and c1883 

of E. coli CFT073 (Figure 2-2). The vgrG genes of some bacteria contain a variable 3’ 

part, which encodes various enzymatic domains called “effectors” (e.g. 

actin-crosslinking domain and peptidoglycan-binding domain found in V. cholerae V52) 

(25), but vgrG genes of E. coli O157 and CFT073 strains does not contain them. 

VgrG protein is predicted to contain triple-stranded β-helix as in gp5 of T4 

phage (25), but the number of predicted β-strands and their amino acid sequences are 

highly diverse among VgrG proteins. The VgrG proteins of E. coli are classified to three 

groups, namely the first group containing a VXGXXXXX repeat (X, any amino acid), 

the second group containing VGXXXXXX repeat and the third group which does not 

contain apparent repeat sequence. The c1888 and c1883 of E. coli CFT073 belong to the 

first group (VXGXXXXX type) and The VgrG2 and VgrG3 of E. coli O157 belong to 

the second group (VGXXXXXX type) while the VgrG1 and c3393 belongs to the third 

group (Figure 2-3). How these sequence variations are reflected in the three dimensional 

structure is of great interest. 

In this chapter, the characterization of six VgrG proteins from E. coli O157 and 

CFT073 strains and the structure determination of the C-terminal fragment of E. coli 

O157 VgrG1 at 1.95 Å resolution are reported. It is also reported the crystallization and 

the preliminary X-ray crystallographic analysis of E. coli CFT073 c3393. Finally, based 

on the correlation between amino acid sequences and three-dimensional structures of 

three-stranded β-helical proteins, a method for the prediction of β-helix topology is 

proposed. 
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Figure 2-2. Gene origination of the T6SS loci of E. coli O157 (A) and CFT073 strains 

(B). The homologs of bacteriophage proteins are drawn in red (VgrG protein), yellow 

(hcp protein), green (vipA/vipB) and blue (T4 gp25 homolog). 
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Figure 2-3. Multiple sequence alignment of the VgrG proteins from E. coli O157 and CFT073 strains. The yellow region is homologous 
to T4 gp27 and purple region is OB-fold (based on c3393 (35)). The conserved valine and glycine residues are colored in blue and red, 
respectively. The alignment was performed by clustalW2 (18). 
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Chapter 3 

Crystallization and X-ray diffraction analysis of gp5 

from bacteriophage KVP40 

 

3-1 Introduction 

Bacteriophage KVP40 was isolated from the sea water in Japan using Vibrio 

parahaemolyticus as a host cell (59). KVP40 belongs to the Myoviridae family like T4 

phage and is classified to shizo T-even group for its more elongated head than T4 (12). 

Many structural proteins of KVP40 phage are homologous to that of T4 phage including 

gp5 (60). When the amino acids sequence of KVP40 gp5 is aligned with that of T4, the 

N-terminal OB fold domain and C-terminal putative β-helix domain show high 

sequence similarities (46% and 35% respectively) but the lysozyme domain is absent in 

KVP40 gp5 (14, 61). The C-terminal domain of KVP40 gp5 contains conserved 

asparagine/aspartic acid, valine and glycine residues like T4 gp5, but it also contains 

conserved valine, glutamine residues which are not seen in T4 gp5 and other β-helical 

proteins with known structure (Figure 3-1). The putative β-helix domain of KVP40 gp5 

is considered to contain 22 β-strands (aside from antiparallel β-helix region), which is 

the longest among the T4 gp5 homologs that contain VXGXXXXX repeats (blastp 

search, identity below 85% and E-value cut off of 1×10-10). In the previous analysis in 

our laboratory, KVP40 gp5 was shown to be trimer in solution and rich in β-structure 

(61), however its atomic structure remains to be determined. In this chapter, I report the 

crystallization of KVP40 gp5 and the collection of the full X-ray diffraction dataset. 
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Figure 3-1. The VXGXXXXX repeats of KVP40 gp5 (A) and T4 gp5 (B). The 

conserved asparagine/aspartic acid, valine and glycine residues are colored in blue, red 

and green. The conserved valine-x-glutamine sequences in KVP40 gp5 are colored in 

yellow. 
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3-2 Materials and Methods 

 

Media 

 LB media was used for all E. coli cultivations. The composition is described in 

Materials and Methods section of Chapter 2. 

 

Expression and purification 

The over-expression vector of KVP40 gp5his was constructed by cutting 

KVP40 gene 5 from pMNK (61) using BamHI and SalI restriction enzymes and 

inserting it to pET29a vector  (Novagen), which has been digested by the same 

restriction enzymes (Nemoto, unpublished data). The resulting plasmid was designated 

as pMNK3. The expression and purification procedures of KVP40 gp5 with C-terminal 

hexa-histidine tag (gp5his) were referred to the method by Nemoto et al. (61) with slight 

modification. For the expression of KVP40 gp5his, BL21(DE3) was transformed by 

pMNK3, and cultivated in LB medium supplemented with 60 μg/ml kanamycin at 37°C. 

When OD660 was about 0.5-0.6, the expression was induced by IPTG at a final 

concentration of 1 mM and further cultivated at 30°C for 6 h. Cells were pelleted by the 

centrifugation at 2,500 ×g for 10 min using Himac CR22G centrifuge with R9AF rotor 

(Hitachi Koki). The molecular weight of KVP40 gp5his is 47,900 Da in monomer 

including the purification tag. The purification procedure is same as full-length E. coli 

O157 VgrG1 (see Materials and Methods section of Chapter 2). 

 

Crystallization Screening and the optimization of the crystallization condition 

For the crystallization screening, purified KVP40 gp5his was dialyzed against 

10 mM Tris pH 8.0 and concentrated to 9.8 mg/ml or 18.0 mg/ml by Amicon Ultra 50K 

(Millipore). Crystallization screening was performed by hanging drop vapor diffusion 

method at 20 °C using the 96-well PS microplate (Greiner Bio-one) and the 96 holed 

hanging drop seal (Asone) with the crystallization screening kits of JBScreen 

Pentaerythritol (Jena Bioscience), JBScreen PEG/Salt (Jena Bioscience), JBScreen 

JCSG++ (Jena Bioscience), JBScreen Nuc-Pro (Jena Bioscience), JBScreen PACT++ 

(Jena Bioscience), JBScreen Basic (Jena Bioscience), JBScreen Classic I (Jena 

Bioscience), JBScreen Classic II (Jena Bioscience), JBScreen Cryo (Jena Bioscience), 
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Pro Plex (Molecular Dimensions), Morpheus (Molecular Dimensions), MIDAS 

(Molecular Dimensions), Structure Screen 1 (Molecular Dimensions), Structure Screen 

2 (Molecular Dimensions), MembFac (HAMPTON), Crystal Screen Cryo (HAMPTON) 

and Cryo (Emerald BioSystems). The drops were prepared by mixing 350 nl or 500 nl 

protein solution and equal volume of well solution and equilibrated against 30 ul of the 

same well solution. 

Initial crystal was obtained in F5 of JBScreen Pentaerythritol which contains 

35 % w/v Pentaerythritol ethoxylate (average M.W. ~270), 100 mM MES pH6.5 and 

200 mM (NH4)2SO4. The crystallization condition was subsequently optimized in 

24-well VDX plate (HAMPTON) by changing the concentration of the protein, pH, the 

buffers, the type and the concentration of precipitants, and the concentration of 

(NH4)2SO4. The supplementation of the additives was also examined. After the 

optimization of the crystallization condition, the crystals of KVP40 gp5his were obtained 

in two different forms namely, rhombohedral shape crystal and hexagonal shaped 

crystals. The best hexagonal shaped crystals were obtained by mixing 1 ul of 20.0 

mg/ml protein and 1ul of the solution containing 300 mM (NH4)2 SO4, 100 mM Tris 

pH7.9 and 10% PEG2000MME and equilibrated against the 1ml of the same well 

solution. The best rhombohedral shaped crystals were obtained by hanging drop vapor 

diffusion method using the well solution containing 300 mM (NH4)2SO4, 100 mM Tris 

pH7.9 and 100 mM NH4Cl or 100 mM KCl. Occasionally, the hexagonal shaped 

crystals and rhombohedral shaped crystals were obtained in the same drop. 

 

Screening of cryoprotectant 

The cryosolutions were prepared by supplementing glycerol, 

2-Methyl-2,4-pentanediol (MPD), PEG400 or Li2SO4 to the well solution till it becomes 

cryogenic and increasing the concentration of (NH4)2SO4 till the crystal dose not 

dissolve. The crystals were dipped in the cryo solution directly or in two steps, e.g. 5% 

glycerol for the first and 25% glycerol for final. The crystals were flash frozen in the 

liquid nitrogen or under cryo stream and their X-ray diffraction patterns were analyzed 

at BL-1A or BL-17A beamline of Photon Factory at KEK (Tsukuba, Japan). 

 

 



74 
 

Collection of X-ray diffraction data and data processing 

The rhombohedral shaped crystal was cryoprotected by soaking in the 

cryosolution containing 400 mM (NH4)2SO4, 100 mM Tris pH7.9, 100 mM KCl and 1.6 

M Li2SO4 for a few seconds and flash frozen by the N2 cryostream (100K). The X-ray 

diffraction experiment was performed at BL-1A beamline of Photon Factory at KEK 

(Tsukuba, Japan). The X-ray diffraction data was collected by fine phi slice strategy (62, 

63) with the oscillation angle of 0.1° and the exposure time of 0.1 sec using Pilatus 

2M-F single photon-counting detector at 100K. Helical mode, i.e. changing the 

diffracting position from one edge to another edge in many steps, was used to minimize 

the damage of the crystal by the X-ray exposure. 

The indexing of the diffraction data was performed with XDS (47). The 

conversion of HKL file to MTZ file and the determination of the space group were 

carried out by Pointless (48). The combination of the separately indexed data were 

carried out using Pointless and scaling was performed by SCALA (49). The statistics of 

X-ray diffraction data collection are summarized in Table 3-1. 
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3-3 Results 

 

Crystallization 

KVP40 gp5his was over-expressed and purified by the methods reported by M. 

Nemoto (61) with slight modification (see Materials and Methods 3-2). The 

crystallization screening of ~1050 conditions gave a micro crystal under the condition 

F5 of JBScreen Pentaerythritol (Figure 3-2 (A)). To obtain larger crystals, the 

crystallization condition was optimized as described in Materials and Methods. After 

the optimization of the crystallization condition, the hexagonal shape crystals and 

rhombohedral shape crystals were obtained under the similar and identical conditions 

(Figure 3-2 (B-C)). The hexagonal shaped crystals grew to 0.2-0.4 mm within 2-3 

weeks. On the other hand, the rhombohedral shaped crystals grew very slowly and it 

took at least 3 months to obtain big crystals enough for X-ray diffraction experiments. 

 

Screening of the cryogenic condition 

The crystallization condition was not cryogenic thus the screening of 

cryoprotectant was carried out for both hexagonal shaped crystals and rhombohedral 

shaped crystals. For cryoprotection of the hexagonal shaped crystals, 25% w/v glycerol 

and 30% w/v MPD were tested. However, no X–ray diffraction was observed in either 

cryoprotectant though the crystal under only one condition diffracted to ~44Å when it 

was cryoprotected by glycerol in two steps (5% for the first and 25% for the second) 

(data not shown). To examine if the cryoprotection process damaged the crystal, I 

analyzed the X-ray diffraction of the crystal using capillary at room temperature. The 

result indicated that the crystal itself is unable to diffract the X-ray. For the 

cryoprotection of rhombohedral shaped crystals, 1.6M Li2SO4, 25% w/v glycerol, 30% 

w/v PEG400 and 30% w/v MPD were tested. When the crystals were cryoprotected by 

1.6M Li2SO4, the crystals diffracted to 4Å reproducibly. On the other hand, the crystals, 

which were cryoprotected by 25% glycerol or 25% PEG400, diffracted X-ray to ~3.6Å 

and ~3.0Å at the best, respectively but if the crystal diffracts the X-ray depended on the 

batch (data not shown). The crystals, which were cryoprotected by 30% w/v MPD, did 

not diffract X-ray at all (data not shown).  

1.6 M Li2SO4 cryoprotected the rhombohedral shaped crystals most 
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reproducibly but the salt tends to precipitate during the freezing process in liquid 

nitrogen. To avoid the precipitation of the Li2SO4, I examined the freezing of the crystal 

under the nitrogen cryostream (100K), which enables more rapid freezing than liquid 

nitrogen. The crystals which were flash frozen in cryostream showed no deposition of 

the salt and diffracted to 2.5-2.6Å reproducibly. 

 

X-ray crystallographic analysis 

 The rhombohedral shaped crystal was cryoprotected by 1.6 M Li2SO4 and 

subjected to X-ray diffraction data collection. The full dataset was collected at a 

resolution of 2.6Å by helical mode. The crystal showed strong smear diffraction around 

4.7Å (Figure 3-3). The spots were very clear and the mosaicity was estimated to be 

0.091 by XDS, which indicated that the KVP40 gp5his is ordered very well in the crystal. 

Phenix.xtriage (50) indicated that the crystal is twin, but the indexing in space group P1 

could identify that the crystal switches at the center of the crystal (two crystals 

associated in head to head manner). The indexing by XDS and the Laue group 

determination by Pointless indicated that the crystal belonged to space group H3, with 

cell unit size a=b=72.16Å and c=817.72Å. The statistics of the X-ray diffraction data 

collection are summarized in Table 3-1. 
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Figure 3-2. The crystals of KVP40 gp5his. (A) The initial crystals of KVP40 gp5his. The 

bar indicates 0.1 mm. (B) The hexagonal shaped crystals of KVP40 gp5his. The bar 

indicates 0.2 mm. The crystal did not polarize. (C) The rhombohedral shaped crystal of 

KVP40 gp5his (polarized crystals). The bar indicates 0.3 mm. The rhombohedral shaped 

crystals and the hexagonal shaped crystals were occasionally obtained in the same drop.  



78 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-3. The typical X-ray diffraction pattern of KVP40 gp5his. The arrows indicate 

the smear diffractions at ~4.7Å, which are characteristic in β-helical proteins. The black 

circles indicate the resolution at 5.0Å, 4.0Å and 2.5Å. 

 

 

 

 

 

Table 3-1 The statistics of the X-ray diffraction data collection. 
  Native 
 Data Collection   
 Beam line BL-1A, Photon Factory 
 Wavelength (Å) 1.100000 
 Space group H3 

 Unit cell (Å) 72.16, 72.16, 817.72 
90°, 90°, 120° 

 Resolution range (Å) 47.84-2.59 (2.74-2.59) 
 No. of observations a 411507 (34875) 
 No. of unique observations a 49040 (7058) 
 Multiplicity a 8.4 
 Completeness (%) a 99.7 (98.5) 
 Mean [(I)/sd(I)] a 15.2 (3.4) 
 Rmerge (%) a 11.2 (47.6) 
a The number in the parenthesis shows the statistics for the highest resolution bin (2.74-2.59Å) 



79 
 

3-4 Discussion 

 KVP40 phage belongs to the schizo T-even group while T4 phage belongs to 

the T-even group (12). The VXGXXXXX repeat, which forms intertwined 

three-stranded β-helix in T4 gp5, is also found in KVP40 gp5, whereas KVP40 gp5 

contains four more repeats than T4 gp5 (Figure 3-1). In addition, KVP40 gp5 contains 

the conserved valine-x-glutamine motif, which is not found in T4 gp5. How these 

differences of the amino acid sequence affect the structure of KVP40 gp5, namely 

whether it is different from that of T4 gp5, is of great interest. 

 The crystal of KVP40 gp5his was successfully produced, but it was twinned; 

two crystals associated at the center of the crystal. The analysis of the crystal 

orientations indicated that two crystals have the opposite directions of c-axis and the a- 

and b- axes of one crystal are parallel with the b- and a- axes of the other crystal. This 

crystal orientation suggests that two crystals have grown from the same position to the 

opposite directions. 

 When the crystal of KVP40 gp5his was subjected to X-ray diffraction analysis, 

two strong smear diffractions were observed at ~4.7Å. They are often observed with the 

β-helical proteins such as VgrG1CG561 (Figure 2-21) and T4 gp27-gp5 complex and 

thought to be the diffraction from the three-dimensionally ordered β-structure. Hence it 

is most probable that KVP40 gp5his contains the three-stranded β-helix. In Chapter 2, I 

described a prediction method of the topology of three-stranded β-helix (Figure 2-26). 

Based on the prediction method, I predict that the putative three-stranded β-helix of 

KVP40 gp5 would be the intertwined type (Figure 3-4). 

 To determine the phase, molecular replacement was tried by Phaser (58) using 

the T4 gp5 without lysozyme domain and loops as a search model. The molecular 

replacement found two molecules with the reasonable packing; each molecule seems to 

interact side by side and tail to tail if hypothesizing four more β-strands at the end of 

putative β-helix. However the final R-factor of 0.596 in molecular replacement was 

inconclusive whether the solution is true or not. I am currently improving the initial 

model and also trying to crystallize the SeMet derivative to determine the phase 

unambiguously. 
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Figure 3-4. The prediction of the β-helix topology of KVP40 gp5. The topology of the 
putative β-helix region of KVP40 gp5 was predicted by the method described in 
Chapter 2. The red arrows indicate the intertwined β-helix and the pink arrows indicate 
the possible intertwined β-helix (weakly match intertwined β-helix, but not match 
antiparallel β-helix). The gray regions are the insertion sequences (compared with T4 
gp5).  
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Chapter 4 

Approaches to obtain homogeneous artificial 

thee-stranded β-helical polypeptides 

 

4-1 Introduction 

The C-terminal domain of T4 gp5 has a highly regular three-stranded β-helix, 

which contains 12 repeats of octapeptide VXGXXXXX. It shows extraordinary stability 

against heat and denaturing agents; the melting temperature is around 105°C (11) and 

the structure is resistant to 10% SDS or 2 M guanidine HCl (8). In addition, it is stable 

against chemical and pH stress; the secondary structure is maintained in the presence of 

t-butyl alcohol up to 50%, methanol up to 70% or acetonitrile up to 60% or in the pH 

range of 2.0 - 10.0 (11). Thus the three-stranded β-helix of T4 gp5 is suitable for the 

template of nanomaterial design. In fact, several nanostructures have been developed 

using wild type T4 gp5 as described in Chapter 1. 

 In our laboratory, it has been challenged to produce protein nanotube with 

desired lengths by stacking the three-stranded β-helix of T4 gp5 (Figure 4-1). The 

control of the length of three-stranded β-helix is important, because it provides not only 

new, homogeneous nanomaterial, but also gives rise to the variation of established 

nanostructures. In the system which was developed in our laboratory, the length of the 

three-stranded β-helix is controlled by the tandem connection of a DNA fragment 

coding a certain region of T4 gp5, the “building block” (Figure 4-1 (C) left), which 

theoretically enables to regulate the length of three-stranded β-helix by 4.7Å unit 

(corresponding to one β-strand).  

 The first artificial three stranded β-helix was expressed in E. coli using the 

building block of four VXGXXXXX repeats ((VXG)4) (Figure 4-2 (A) pink box and 

Figure 4-3 (A) left). The expressed polypeptide chain, however, did not form trimer 

(Ryuto, unpublished data). Since then, a number of artificial three-stranded β-helices 

have been designed using 12 repeats of VXGXXXXX sequence as a model system in 

order to obtain trimeric artificial three-stranded β-helix. A partial success has been 

achieved by the fusion of the hydrophobic core of T4 gp5C (Figure 4-2(A) blue box, 



82 
 

hereafter called “Cgp5C” or “C”) and foldon (Figure 4-2 (B) red box, hereafter called 

foldon or “f”) to the C-terminus (Figure 4-3 middle); Cgp5C is important for the folding 

of T4 gp5 (Boudko, unpublished data) and the foldon is known to promote the 

trimerization of fused proteins (64). The yield of trimeric (VXG)4×3Cf has been 

increased up to 10-15%, however, the remaining polypeptides formed a dimer of trimer 

and large aggregates (bigger than dimer of trimer) (65). The decrease of large 

aggregates has been achieved by changing the building block from four repeat ((VXG)4) 

to six repeat ((VXG)6) (Figure 4-2 (A) red box) (66). (VXG)6×2C has formed large 

aggregates for ~26% of total polypeptides (Figure 4-3), which was dramatically smaller 

than for that of (VXG)4×3Cf (~50%). However, the main product has been dimer of 

trimer and the formation of large aggregates could not be completely abolished. In the 

following two years, the crystal structures of (VXG)4×1 (Figure 4-4) as well as several 

natural three-stranded β-helical proteins have been determined and the natural β-helical 

proteins are shown to contain a “capping structure” at the N terminal end of β-helix (16). 

The artificial β-helical polypeptides do not contain the “capping structure”, hence they 

are considered to dimerize via the N-terminus like (VXG)4×1. Thus, a certain “capping 

structure”, which prevents the β-helix - β-helix interaction, seems to be required for 

further decrease of associations. 

 In the present study, I constructed the over-expression system of N-terminally 

SlyD fused artificial three-stranded β-helix (Figure 4-5) to examine if it could inhibit the 

association of the β-helix via the N-terminus. I also succeeded in detecting partially 

unfolded species by native PAGE and discriminating the fully folded homogeneous 

three-stranded β-helix from partially unfolded species by trypsin digestion. 
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Figure 4-1. The strategy of the construction of artificial three-stranded β-helix. (A) The 

crystal structure of the three-stranded β-helix of T4 gp5 (PDB 1k28). (B) The amino 

acid sequence of the three-stranded β-helix of T4 gp5. (C) The concept of the length 

control of three-stranded β-helix. The DNA fragment with the sticky end of XhoI and 

SalI can be ligated so that the resulting DNA (5’-GTCGAG-3’) is not digested by 

neither XhoI nor SalI, which enables the increment of the building block one by one. 
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Figure 4-2. The building blocks and the protein fragments used for the construction of 

artificial three-stranded β-helical polypeptides. (A) The crystal structure of 

three-stranded β-helix of T4 gp5 (PDB 1k28) and its amino acid sequence. The building 

blocks of six repeats ((VXG)6) and four repeats ((VXG)4) are indicated with the red box 

and the pink box, respectively. The C-terminal hydrophobic core (Cgp5C or “C”) is 

indicated with the blue box. (B) The crystal structure of the C-terminal region of T4 

fibritin (PDB 1AA0). The red circle indicates the C-terminal foldon domain (27 amino 

acids). (C) The solution structure E. coli SlyD protein (PDB 2KFW, model 1). The 

C-terminus and N-terminus are indicated with C and N, respectively (A-C). 
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Figure 4-3. The previously synthesized artificial three-stranded β-helices. (VXG) in the 

figure represents (VXGXXXXX). (A) The cartoon of the artificial three-stranded 

β-helices synthesized in our laboratory. The specifications of each construct are 

indicated in the box below the figure. (VXG)4, (VXG)6, C and f stand for the building 

block of four repeat, the building block of six repeat, the C-terminal hydrophobic core 

of T4 gp5 and foldon, respectively (see Figure 4-2). (B) The size exclusion 

chromatogram of (VXG)6×2Chis (66). The peak of aggregates, dimer of trimer and 

putative trimer are indicated. 
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Figure 4-4. Crystal structure of a part of T4 gp5C fused with foldon in dimer of trimer 

state (PDB 3A1M) (11). The two trimers of a part of gp5C–foldon are associating in 

head to head manner via the N-terminus. One trimeric gp5C–foldon molecule is drawn 

in red, green, blue and the other gp5C–foldon molecule is drawn in light blue, purple 

and dark yellow. The foldon of one molecule is not displayed because it was disordered 

in the crystal. 

 

 

 

 

 

 

 

 

 

Figure 4-5. The schematic representation of the newly constructed hisSlyD-(VXG)6×nCf. 

SlyD (orange ellipse) was added to N-terminus in order to inhibit the association 

mediated via the N-terminus. The foldon was added to the C-terminus as it decreased 

the aggregation to some extent in (VXG)4×3Cf presumably by promoting the 

trimerization and capping the β-helix (65). 
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4-2 Materials and Methods 

 

Media 

 LB media was used for all E. coli cultivation. The composition is described in 

Materials and Methods section of Chapter 2. 

 

Plasmid construction 

 The over-expression vector of hisSlyD-(VXG)6×1Cf was constructed as follows. 

First, the foldon (residues 457-483 of T4 gp wac, Figure 4-2) with a stop codon was 

made by inverse PCR using PCR KOD -Plus- Mutagenesis Kit (YOYOBO CO, LTD) 

and the primer pairs of foldon-STP(+)iPCR and foldon-STP(-)iPCR (Table 4-1). pMTpf 

3-5 which is the derivative of pUC19 containing foldon (65) was used as a template 

DNA. The DNA fragment of foldon with stop codon was cut out by EcoRI - SalI and 

inserted to the EcoRI and XhoI sites of pSL(b) vector. pSL(b) vector was made from 

pSL vector (see Chapter 2) by changing the reading frame just before the multiple 

cloning site. The resulting vector was digested by EcoRI - XhoI and the DNA fragment 

of T4 gp5 residues 522–575 (Cgp5C, Figure 4-2), which was cut out from pMTpC (65) 

by EcoRI - SalI, was inserted. Then the resulting vector was digested by EcoRI - XhoI 

and the fragment of T4 gp5 residues Val474-Leu521 ((VXG)6×1, Figure 4-2), which was 

cut out from pKA150 (66) by EcoRI - SalI, was inserted. The resulting over-expression 

vector of hisSlyD-(VXG)6×1Cf was designated as pKN8-1. The over-expression vector of 
hisSlyD-(VXG)6×2Cf was constructed by inserting one more (VXG)6×1 coding DNA 

fragment into pKN8-1 vector in the same way. The resulting vector was named pKN9-1.  

The DNA sequence of foldon with stop codon was confirmed by DNA 

sequencing. Due to the block-by-block vector construction strategy, Ile474 and 475Asp 

of the first (VXG)6 block are changed to Leu-Glu and those of second (VXG)6 block are 

changed to Val-Glu. 

 

Protein expression 

 For the expression of hisSlyD-(VXG)6×1Cf and hisSlyD-(VXG)6×2Cf, 

BL21(DE3) was transformed by pKN8-1 or pKN9-1 and cultivated at 37°C in LB 

medium supplemented with 60 ug/ml kanamycin. When OD660 was 0.5-0.6, the 
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expression was induced by the addition of isopropyl-β-D-thiogalactopyranoside (IPTG) 

at a final concentration of 1 mM and further cultivated at 30°C for 10 h. Cells were 

harvested by centrifugation at 2,500 ×g for 10 min using Himac CR22G centrifuge with 

R9AF rotor (Hitachi Koki). 

 

Protein Purification 

 The purification procedure of hisSlyD-(VXG)6×1Cf and hisSlyD-(VXG)6×2Cf was 

same as that of VgrG1 (see Materials and Methods section of Chapter 2) but the buffer 

D (50 mM Tris pH 8.0, 100 mM NaCl, 25 mM imidazole) was used instead of buffer A 

(50 mM Tris pH8.0, 100 mM NaCl, 20 mM imidazole ). 

 *(VXG)6×1Cf and *(VXG)6×2Cf, which are the products of hisSlyD-(VXG)6×1Cf 

and hisSlyD-(VXG)6×2Cf after hisSlyD removal, were purified as follows. The cell 

expressing hisSlyD-(VXG)6×1Cf or hisSlyD-(VXG)6×2Cf was suspended in 10× volume of 

buffer D and lysed by sonication in the presence of 1 mM phenylmethylsulfonyl 

fluoride (PMSF). The cell lysate was centrifuged at 20,000 ×g (R18A rotor with Himac 

CR22G centrifuge, Hitachi Koki) for 20 min and the supernatant was loaded to HisTrap 

FF column (GE Healthcare) which was equilibrated with buffer D. hisSlyD-(VXG)6×1Cf 

and hisSlyD-(VXG)6×2Cf were eluted by the imidazole gradient of 25 to 500 mM and 

EDTA was added to the eluted fractions to a final concentration of 5 mM. The fractions 

containing the desired protein were collected and applied to HiTrap Q HP column (GE 

Healthcare) which was equilibrated with buffer B. The proteins were eluted with NaCl 

gradient of 0 to 1 M. Then the fractions containing the desired protein were collected 

and TEV protease was added on the weight ratio of 10 to 1 (hisSlyD-(VXG)6×1Cf or 
hisSlyD-(VXG)6×2Cf to TEV protease). After the incubation at 30°C for 4 h, the solution 

was applied to Histrap FF column in order to remove hisSlyD and TEV protease which 

has a hexa-histidine tag. The flow through fractions which contain *(VXG)6×1Cf or 

*(VXG)6×2Cf were mixed and further purified by Hitrap Q HP column (GE Healthcare) 

and Hiload 16/60 Superdex200 prep grade column (GE Healthcare). The purification 

was performed either room temperature or 4°C. 
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Analytical size exclusion chromatography (SEC) of hisSlyD-cleaved *(VXG)6×2Cf 

 For the analytical SEC of *(VXG)6×2Cf, 160 μl of the SEC fractions of  
hisSlyD-(VXG)6×2Cf (ranging from 0.6 - 1.2 mg/ml) were mixed with TEV protease on 

the weight ratio of 10:1 (hisSlyD-(VXG)6×2Cf to TEV protease) and incubated at 30°C 

for 4h. The 150 ul of the reaction solutions were analyzed by Superdex200 HR 10/30 

(GE Healthcare). 

 

Limited proteolysis of partially unfolded species by trypsin 

 For the limited proteolysis of partially unfolded species of *(VXG)6×2Cf, 40 ul 

of purified *(VXG)6×2Cf (0.1 - 0.2 mg/ml) was mixed with trypsin on the weight ratio 

of 100:1 (*(VXG)6×2Cf to trypsin). After the incubation at 37°C for 6 h, the proteolysis 

was quenched by the addition of Tosyl-Lys-chloromethyl ketone (TLCK) at a final 

concentration of 0. 1 mM and the products were analyzed by 10% native PAGE. 

 

Purification of trypsin treated *(VXG)6×2Cf 

For the purification of trypsin treated *(VXG)6×2Cf, *(VXG)6×2Cf was purified 

as described above and the size exclusion chromatography fractions containing 

*(VXG)6×2Cf were collected and trypsin was added on the weight ratio of 100 to 1 

(*(VXG)6×2Cf to trypsin). After the incubation at 37°C for 6 h, the proteolysis was 

stopped by the addition of Tosyl-Lys-chloromethyl ketone (TLCK) at a final 

concentration of 0.1 mM and the trypsin-resistant *(VXG)6×2Cf was further purified by 

Hitrap Q HP column (GE Healthcare) and Superdex200 HR 10/30 column (GE 

Healthcare). 

 

SDS-PAGE 

 SDS-PAGE was carried out in the same protocol as Chapter 2 but the samples 

were not heat denatured. 

 

Native PAGE 

 For the Native PAGE of *(VXG)6×2Cf, the samples and 10% polyacrylamide 

gel were prepared without SDS and DTT (67). The electrophoresis was carried out at 10 

mM constant current at 4°C. The polyacrylamide gel was stained with 0.1% Coomassie 



90 
 

Brilliant Blue G-250 in 10% acetic acid. 

 

Analytical Ultracentrifugation 

Sedimentation velocity analysis was carried out in the same protocol as 

Chapter 2 except for following things. The sedimentation velocity data of 
hisSlyD-(VXG)6×1Cf and hisSlyD-(VXG)6×2Cf were collected with the rotor speed of 

45,000 rpm, those of *(VXG)6×1Cf and *(VXG)6×2Cf were collected at 40,000 rpm and 

those of trypsin treated *(VXG)6×2Cf were collected at 45,000 rpm. Moving boundaries 

were recorded at the wave length of 280 nm for hisSlyD-(VXG)6×1Cf, 

hisSlyD-(VXG)6×2Cf, *(VXG)6×1Cf and *(VXG)6×2Cf and at the wavelength of 230 nm 

for trypsin treated *(VXG)6×2Cf. 
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Table 4-1 Primers for the construction of foldon with a stop codon.  
Name Nucleotide Sequence (5'-3') a Description 
foldon-STP(+)iPCR TAAGTCGACCTGCAGGCATGCAAGC Inverse primer for the construction of foldon with a stop codon. 
foldon-STP(-)iPCR TAAAAAGGTAGAAAGCAATACCC Inverse primer for the construction of foldon with a stop codon. 
a Stop codon is underlined.  
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4-3 Results 

 

Plasmid construction 

In order to prevent the interactions between exposed N terminus of the 

three-stranded β-helix and promote the trimerization, the over-expression vectors of 

SlyD and foldon fused artificial three-stranded β-helix, namely, hisSlyD-(VXG)6×1Cf 

(pKN8-1) and hisSlyD-(VXG)6×2Cf (pKN9-1), were constructed. The foldon is a 

polypeptide consisting of residues 457-483 of gp wac, which is essential for folding of 

T4 fibritin (68) and has also shown to promote the trimerization of artificial 

three-stranded β-helices (65). SlyD is known to facilitate solubilisation of fusion 

proteins as described in Chapter 2. The plasmid map of pKN8-1 and pKN9-1 is shown 

in Figure 4-6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-6. The plasmid map of the over-expression vector of hisSlyD-(VXG)6×1Cf 

(pKN8-1) and hisSlyD-(VXG)6×2Cf (pKN9-1). 
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Expression, purification and sedimentation velocity analysis of hisSlyD-(VXG)6×1Cf  
hisSlyD-(VXG)6×1Cf was expressed in BL21(DE3) and purified by Ni affinity 

chromatography, anion exchange chromatography and size exclusion chromatography 

(see Materials and Methods). hisSlyD-(VXG)6×1Cf eluted from the size exclusion 

chromatography with a major peak about 52 ml and several minor peaks before and 

after it (Figure 4-7 (A)). The SDS-PAGE of the peak fraction of the size exclusion 

chromatography (SEC) showed multiple bands with higher molecular weight than 

monomers (monomer is 35.4 kDa) (Figure 4-7 (B)). The three-stranded β-helix of T4 is 

SDS-resistant, thus they are presumably SDS-resistant hisSlyD-(VXG)6×1Cf. The 

sedimentation velocity analysis indicated that the major peak contains the major species 

with the sedimentation coefficient of 7.24 and minor species of the sedimentation 

coefficient of 5.03 (Figure 4-8). The molecular weights of 7.24 S species and 5.03 S 

species were estimated to be 190,000 and 110,000, respectively thus they are considered 

to be dimer of trimer and trimer (calculated molecular mass of monomer is 35,400).  

 

 

 

 

 

 

 

 

 

 

Figure 4-7. Purification of hisSlyD-(VXG)6×1Cf. (A) Size exclusion chromatogram. The 

chromatography was performed with Hiload 16/60 Superdex200 prep grade column 

(GE Healthcare). (B) 6% SDS-PAGE of the peak fraction of size exclusion 

chromatography. Lane M, marker; lane 1, the peak fraction of size exclusion 

chromatography. The SDS-PAGE samples were prepared only by adding the sample 

loading buffer (the proteins were not denatured by heat). The polyacrylamide gels were 

stained with Coomassie brilliant blue. 
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Figure 4-8. Sedimentation velocity analysis of hisSlyD-(VXG)6×1Cf. The sedimentation 

velocity data was analyzed by SEDFIT. The moving boundaries were measured at 280 

nm at 20°C. The rotor speed was 45,000 rpm. The molecular weights were obtained by 

converting c(s) to c(M) as implemented in SEDFIT. 
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Purification and sedimentation velocity analysis of *(VXG)6×1Cf  
hisSlyD-(VXG)6×1Cf, which had been purified by Ni affinity chromatography 

and anion exchange chromatography, was digested by TEV protease (cleavage of 
hisSlyD) then the *(VXG)6×1Cf was further purified by Ni affinity chromatography 

(removal of hisSlyD and TEV protease), anion exchange chromatography and SEC. 

*(VXG)6×1Cf eluted from SEC column as an almost single peak (Figure 4-9 (A)). 

SDS-PAGE shows two bands with higher molecular weight than monomers but they are 

considered to be SDS-resistant *(VXG)6×1Cf (Figure 4-9 (B)). 

The sedimentation velocity analysis of the peak fraction indicated that it 

contains only a single species with the sedimentation coefficient of 4.48 S (Figure 4-10). 

The molecular weight of 4.48 S was estimated to be 91,700 thus it is considered to be 

the dimer of trimer (calculated molecular mass of monomer is 15,100). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-9. Purification of *(VXG)6×1Cf. (A) Size exclusion chromatogram. The 

chromatography was performed with Hiload 16/60 Superdex200 prep grade column 

(GE Healthcare). (B) 12% SDS-PAGE of the peak fraction of size exclusion 

chromatography. The SDS-PAGE samples were prepared only by adding the sample 

loading buffer (the proteins were not denatured by heat). The polyacrylamide gels were 

stained with Coomassie brilliant blue. 
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Figure 4-10. Sedimentation velocity analysis of *(VXG)6×1Cf. The sedimentation 

velocity data was analyzed by SEDFIT. The moving boundaries were measured at 280 

nm at 20°C. The rotor speed was 40,000 rpm. The molecular weights were obtained by 

converting c(s) to c(M) as implemented in SEDFIT. 
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Expression and purification of hisSlyD-(VXG)6×2Cf 
hisSlyD-(VXG)6×2Cf was expressed in BL21(DE3) and purified by Ni affinity 

chromatography, anion exchange chromatography and size exclusion chromatography 

(see Materials and Methods) (Figure 4-11 A-D). hisSlyD-(VXG)6×2Cf eluted from the 

size exclusion chromatography column as two peaks and a shoulder at ~52ml (Figure 

4-11 (C)). The SDS-PAGE of the fractions from the SEC showed multiple bands with 

higher molecular weight than monomers (Figure 4-10 (D)). They are presumably 

SDS-resistant hisSlyD-(VXG)6×2Cf as observed in hisSlyD-(VXG)6×1Cf. The fractionated 

samples were analyzed by AUC as described in the next section. 
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Figure 4-11. Purification of hisSlyD-(VXG)6×2Cf. (A) Anion exchange chromatogram. 

The thick black line indicates the absorbance at 280 nm and the thin gray line indicates 

the concentration of NaCl (from 0 M to 1 M). (B) 8% SDS-PAGE of the peak top 

fraction of anion exchange chromatography. Lane M, Marker; lane1, the peak top 

fraction. (C) Size exclusion chromatogram. The chromatography was performed with 

Hiload 16/60 Superdex200 prep grade column (GE Healthcare). The fractions indicated 

1-4 were subjected to AUC-SV analysis. (D) 5% SDS-PAGE of the fractions of size 

exclusion chromatography. Lane M, marker; lane 1-4, the fractions of size exclusion 

chromatography in (C). The SDS-PAGE samples were prepared only by adding the 

sample loading buffer (the proteins were not denatured by heat). The polyacrylamide 

gels were stained with Coomassie brilliant blue. 
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Sedimentation velocity analysis of hisSlyD-(VXG)6×2Cf 

In order to examine the oligomerization state of hisSlyD-(VXG)6×2Cf, AUC-SV 

was carried out with the fractions from the SEC (Figure 4-11 (C)). The fractions of the 

shoulder of the first peak (fraction 1), the peak top fraction of the first peak (fraction 2), 

a fraction between the first and the second peak (fraction 3) and the peak top fraction of 

the second peak (fraction 4) were examined. The result showed that fraction 1 contained 

large aggregates with the sedimentation coefficient above 8.71 and fraction 2 contained 

the 7.13 S species and the small amount of 4.74 S species (Figure 4-12). The fraction 3 

contained two molecular species with the sedimentation coefficient of 5.16 and 7.25 and 

fraction 4 contained the species with the sedimentation coefficient of 4.75 (Figure 4-12). 

The molecular weights of 7.13 S species in the first peak and the 4.75 S species in the 

second peak were estimated to be 206,000 and 111,000, respectively thus they are 

considered to be dimer of trimer and trimer (calculated molecular mass of monomer is 

40,400). The molecular weight estimation from AUC-SV generally contains ~10% of 

error and the molecular weight of 206,000, which is 15% lower than the calculated 

molecular weight of a dimer of trimer (242,400), is likely within the error. 
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Figure 4-12. Sedimentation velocity analysis of hisSlyD-(VXG)6×2Cf. The sedimentation 

velocity data of fractions 1-4 of SEC in Figure 4-11 (C) were analyzed by SEDFIT. The 

moving boundaries were measured at 280nm at 20°C. The rotor speed was 45,000 rpm. 

The molecular weights were obtained by converting c(s) to c(M) or analyzing in c(s, 

f/f0) mode as implemented in SEDFIT.
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hisSlyD-(VXG)6×2Cf contains partially unfolded species. 

 In order to examine the property of hisSlyD-(VXG)6×2Cf in more detail, hisSlyD 

was cleaved off by TEV protease (Figure 4-13 (A)) and the resulting *(VXG)6×2Cf was 

analyzed by analytical size exclusion chromatography (superdex200 HR 10/30 (GE 

Healthcare)) (Figure 4-13 (B)). The fractions containing large aggregates (fraction 1), 

dimer of trimer (fraction 2), mixture of dimer of trimer and trimer (fraction 3) and 

trimer (fraction 4) in Figure 4-11 (C) were used after the depletion of hisSlyD. The result 

indicated that fraction 1 gave the molecular species which eluted at 10.3 ml and fraction 

2 gave the molecular species which eluted at 11.4 ml (major) and 11.3 ml (minor) 

(Figure 4-13 (B)). Notably, fraction 3 gave the molecular species, which eluted at 11.4 

ml and 13.0 ml, 0.3 ml earlier compared with fraction 2, while fraction 4 gave the 

molecular species, which eluted at 11.4 ml and 13.3 ml again (Figure 4-13 (B)). The 

molecular species eluted at 13.0 ml has a slightly bigger stokes radius than those of the 

species eluted at 13.3 ml. It is also notable that the fraction 4 gave only a single peak if 

it was not treated with TEV protease (Figure 4-13 (C)) thus the molecular species which 

eluted at 11.4 ml, came from the trimeric hisSlyD-(VXG)6×2Cf. 
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Figure 4-13. Analytical size exclusion chromatography of hisSlyD-(VXG)6×2Cf after the 

cleavage of hisSlyD. (A) Cleavage of hisSlyD from hisSlyD-(VXG)6×2Cf by TEV protease. 

Lane 1 and 2, before and after the removal of hisSlyD of fraction 1; lane 3 and 4, before 

and after the removal of hisSlyD of fraction 2; lane 5 and 6, before and after the removal 

of hisSlyD of fraction 3; lane 7 and 8, before and after the removal of hisSlyD of fraction 

4; M, marker. The bands of TEV protease and hisSlyD are indicated. (B) The analytical 

size exclusion chromatography of the TEV protease treated hisSlyD-(VXG)6×2Cf. The 

oligomerization states of *(VXG)6×2Cf are indicated for each peak. hisSlyD and TEV 

protease were eluted at ~16 ml (not displayed in the figure). Note that the second peak 

from fraction 3 (pink) is ~0.3 ml earlier than that of fraction 2 (red) and fraction 4 

(green). (C) The analytical size exclusion chromatography of fraction 4 without hisSlyD 

removal. Note that fraction 4 gave only single peak if hisSlyD was present.   
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Sedimentation velocity analysis and native PAGE of *(VXG)6×2Cf 

 In order to examine the oligomerization state and structural homogeneity of 

*(VXG)6×2Cf, it was purified from anion exchange chromatography sample (Figure 

4-11 (A-B)) by TEV protease digestion, Ni affinity chromatography (removal of hisSlyD 

and TEV protease), anion exchange chromatography and size exclusion 

chromatography (Figure 4-14). The size exclusion chromatogram of *(VXG)6×2Cf was 

similar to that of hisSlyD-(VXG)6×2Cf but the shoulder of the first peak of 
hisSlyD-(VXG)6×2Cf was separated as an another peak in *(VXG)6×2Cf (Figure 4-14 

(A)). 

 The sedimentation velocity analysis indicated that the first peak of the size 

exclusion chromatography contains the molecular species with the sedimentation 

coefficient above 7.1 (Figure 4-15 (A)) and the second peak of the size exclusion 

chromatography contains the major molecular species of 5.08 S and minor molecular 

species of 3.41 S and 7.77 S (Figure 4-15 (B)). The third peak of the size exclusion 

chromatography mainly contains the molecular species with the sedimentation 

coefficient with 3.50 (Figure 4-15 (C)). The conversion of c(s) to c(M) indicated that the 

7.1 S species in the first peak, the 5.08 S species in the second peak and the 3.50 S 

species in the third peak are 199,000, 118,000 and 60,600, respectively thus they are 

considered to be the aggregates above the trimer of trimer, the dimer of trimer and 

trimer, respectively (calculated molecular mass of monomer is 20,000). 

 The native PAGE was carried out for the same fractions as AUC-SV. The 

*(VXG)6×1Cf in dimer of trimer was also analyzed in the same polyacrylamide gel for 

comparison. The result indicated that the fraction containing the dimer of trimer of 

*(VXG)6×2Cf gave both a clear band and smear bands but the fractions containing large 

aggregates or trimer gave only smear bands (Figure 4-15). The molecular species which 

appears as smear bands on native PAGE would have many conformations. The clear 

band of *(VXG)6×2 was slightly upper than that of (VXG)6×1 presumably due to the 

increased molar mass of one building block. 
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Figure 4-14. The purification of *(VXG)6×2Cf. (A) Size exclusion chromatogram. The 

chromatography was performed with Hiload 16/60 Superdex200 prep grade column 

(GE Healthcare). The fractions indicated 1-3 were subjected to AUC-SV analysis. (B) 

12% SDS-PAGE of purified *(VXG)6×2Cf. Lane M, molecular weight marker; lane 1, 

the peak top of the first peak; lane 2, the peak top of the second peak; lane 3, the peak 

top of the third peak. The polyacrylamide gel was stained with Coomassie brilliant blue. 
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Figure 4-15. Sedimentation velocity analysis of *(VXG)6×2Cf. The sedimentation 

velocity data of fractions 1-3 in Figure 4-14 (A) were analyzed by SEDFIT. The moving 

boundaries were measured at 280 nm at 20°C. The rotor speed was 40,000 rpm. The 

molecular weight was obtained by converting c(s) to c(M). 
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Figure 4-16. Native PAGE of *(VXG)6×2Cf and *(VXG)6×1Cf. Lane 1, the peak top of 

the first peak of size exclusion chromatography; lane 2, the peak top of the second peak; 

lane 3, the peak top of the third peak; lane 4, *(VXG)6×1Cf in dimer of trimer (for 

comparison). The 10% polyacrylamide gel was stained with Coomassie brilliant blue. 

“###” indicates aggregates of partially unfolded *(VXG)6×2Cf, “##” indicates dimer of 

trimer of partially unfolded *(VXG)6×2Cf and “#” indicates trimer of partially unfolded 

*(VXG)6×2Cf. 
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Purification and characterization of trypsin-resistant *(VXG)6×2Cf 

 In Chapter 2, it was revealed that the disordered region is sensitive to trypsin 

but the three-stranded β-helix region is resistant to trypsin. Therefore I hypothesized 

that the fully folded artificial three-stranded β-helix would be resistant to trypsin, but 

partially unfolded species are not. To examine this hypothesis, *(VXG)6×2Cf was 

subjected to proteolysis by trypsin and the product was analyzed by native PAGE. The 

result indicated that the molecular species which gave smear bands were digested by 

trypsin but the molecular species which gave a clear band was trypsin-resistant (Figure 

4-17). 

 The trypsin resistant species were purified by anion exchange chromatography 

and size exclusion chromatography as described in Materials and Methods 4-2 (Figure 

4-18). The native PAGE of purified sample showed an almost single band, which 

indicates that *(VXG)6×2Cf was purified to near homogeneous (Figure 4-18 (B)). The 

AUC-SV of the same sample indicated that it contains 5.02 S species like those before 

trypsin treatment but ~3.3 S and ~7.3 S species significantly decreased (Figure 4-19), 

which also confirmed that trypsin treatment made *(VXG)6×2Cf more homogeneous. 
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Figure 4-17. Native PAGE of trypsin treated *(VXG)6×2Cf. The peak fractions of the 

size exclusion chromatography were subjected to proteolysis by trypsin (37 °C for 6 h) 

and the products were analyzed by 10% native PAGE. Lane 1 and 2, before and after the 

trypsin digestion of the peak top of the first peak; lane 3 and 4, before and after the 

trypsin digestion of the peak top of the second peak; lane 5 and 6, before and after the 

trypsin digestion of the peak top of the third peak. The polyacrylamide gel was stained 

with Coomassie brilliant blue. “###” indicates aggregates of partially unfolded 

*(VXG)6×2Cf, “##” indicates dimer of trimer of partially unfolded *(VXG)6×2Cf and “#” 

indicates trimer of partially unfolded *(VXG)6×2Cf. 
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Figure 4-18. Purification of the trypsin-resistant *(VXG)6×2Cf. (A) Size exclusion 

chromatogram of trypsin treated *(VXG)6×2Cf. The chromatography was performed 

with Superdex200 HR 10/30 (GE Healthcare). The peak top fraction indicated with an 

arrowhead was subjected to AUC-SV analysis. (B) 10% native PAGE of the peak 

fraction. The polyacrylamide gel was stained with Coomassie brilliant blue. 

 

 

 

 

 

 

 

 

 

Figure 4-19. Sedimentation velocity analysis of trypsin-treated *(VXG)6×2Cf. The peak 

fraction indicated with “AUC” in Figure 4-18 was used for analysis. The moving 

boundaries were measured at 230nm at 20°C. The rotor speed was 45,000 rpm. The 

molecular weight was obtained by converting c(s) to c(M). 
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4-4 Discussion 

 The three-stranded β-helix is a promising biomolecular nanomaterial for its 

high regularity and extraordinary stability. For the application of this remarkable 

structure, a protein nanotube has been developed in our laboratory, however the 

aggregation prone nature of engineered three-stranded β-helix prevented its practical 

use. To reduce the aggregation, I constructed the artificial three-stranded β-helix fused 

with SlyD and foldon, namely hisSlyD-(VXG)6×1Cf and hisSlyD-(VXG)6×2Cf. 

The size exclusion chromatogram and the AUC-SV analysis indicated that 

*(VXG)6×1Cf mainly forms a dimer of trimer both in the presence and absence of SlyD. 

The dimerization of trimer is also reported in (VXG)6×1C (66) thus the fusion of SlyD 

does not seem to prevent the folding of the three-stranded β-helix. 

The size exclusion chromatogram and the AUC-SV analysis of 
hisSlyD-(VXG)6×2Cf indicated that they form a trimer and a dimer of trimer for main 

species. The analytical size exclusion chromatography of hisSlyD-(VXG)6×2Cf after 
hisSlyD removal revealed that a part of trimeric hisSlyD-(VXG)6×2Cf gave the dimer of 

trimer of *(VXG)6×2Cf but the dimer of trimer of hisSlyD-(VXG)6×2Cf did not give the 

trimeric *(VXG)6×2Cf. It indicates that (VXG)6×2Cf tends to dimerize and, once the 

dimer of trimer is formed, it doesn’t dissociate. This dimerization was apparently 

mediated via the N-terminus, because they dimerized by removal of SlyD at the 

N-terminus. Several three-stranded β-helical proteins such as a part of phi92 gp138 

(PDB 3PQH) (16), a part of T4 gp5C (PDB 3A1M) (11) and the E. coli O157 

VgrG1CG561 (Chapter 2) (PDB 3WIT) associated in head to head manner via the 

exposed three-stranded β-helix in the crystal. Thus, (VXG)6×2Cf would associate in the 

similar way. 

In both of hisSlyD-(VXG)6×1Cf and hisSlyD-(VXG)6×2Cf, the fusion of hisSlyD 

could not completely prevent the dimerization of artificial three-stranded β-helical 

polypeptides. They contain a linker of 21 amino acids between SlyD and the 

three-stranded β-helix (including TEV protease site), hence it is possible that the linker 

was too long to keep the SlyD for the appropriate position to block the N-terminus of 

the three-stranded β-helix. Meanwhile, the size exclusion chromatogram and the 

AUC-SV analysis indicates that *(VXG)6×2Cf contains slightly less large aggregate 
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(larger than dimer of trimer) than (VXG)6×2Chis, which indicates that the fusion of SlyD 

and foldon would be effective to reduce the large aggregation. 

The native PAGE of *(VXG)6×2Cf indicated that the SEC fraction containing 

dimer of trimer gave a clear band and smear band but all the other fractions gave only 

smear bands, which appears from top to bottom of the gel depending on the elution 

volume. This is the first time to succeed in the visualization of the molecular species 

except for analytical ultracentrifugation. The molecular species, which gives a clear 

band, was trypsin-resistant but the molecular species, which gave smear bands, were 

digested by trypsin. It strongly suggests that the trypsin-resistant species is the fully 

folded dimer of trimer, which has a highly stable structure and the others are the 

oligomers of partially unfolded trimer, which has less stable structure. It is not 

conclusive whether the trimer of *(VXG)6×2Cf, which gave smear bands in native PAGE, 

is partially folded species, because it is possible that they are the “intermediate species” 

which would eventually assemble into dimer of trimer. However, the fact that 

SlyD-removed hisSlyD-(VXG)6×2 gave two molecular species in analytical SEC (one 

elutes at 13.3ml and the other elutes at 13.0ml) supports the idea that they are partially 

unfolded species. The frictional ratio (f/f0) of purified *(VXG)6×2Cf was estimated to be 

1.76 by SEDFIT, which is slightly but certainly bigger than that of *(VXG)6×1 (1.65). 

The frictional ratio becomes larger if the molecule has more prolonged shape. Thus 

*(VXG)6×2 would have more prolonged shape than *(VXG)6×1, which also supports that 

trypsin-resistant *(VXG)6×2 fully folds including the artificially introduced building 

block. The model of oligomerization and folding states of hisSlyD-(VXG)6×2 is shown in 

Figure 4-20. 

The AUC-SV analysis of trypsin treated *(VXG)6×2 indicated that they contain 

5.02 S species for ~90% of total c(s). The high percentage of c(s) as well as the almost 

clear single band in native PAGE demonstrate that *(VXG)6×2 was purified to near 

homogeneity. It is expected that the purification procedure of hisSlyD-(VXG)6×2Cf 

would be applicative to longer artificial three-stranded β-helical polypeptides. 
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Figure 4-20. Schematic representation of the oligomerization state and folding state of 
hisSlyD-(VXG)6×2Cf and *(VXG)6×2Cf. 

… 

… 
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Chapter 5 

Concluding Remarks and Future Perspectives 

 

5-1 Concluding Remarks 

 In order to elucidate the evolutionary relationship between VgrG proteins, 

which are a part of the type VI secretion system of bacteria, and T4 phage gp27-gp5 

complex, which constitutes the cell-puncturing device of the phage, I have utilized the 

approach of structure biology and bioinformatics. As mentioned in Introduction, they 

are structurally highly similar in spite of the fact that they have quite distinct functions. 

For this purpose, I have focused on the structure of VgrG proteins from E. coli O157 

and CFT073 strains and gp5 of bacteriophage KVP40, which is similar to T4 gp5, but 

does not have lysozyme domain. The results of these proteins towards structural 

determinations are summarized in Table 5-1. I have also tried to create artificial 

three-stranded β-helix in trimeric form, where we could precisely regulate the length. 

Finally, I attempted to purify the artificial three-stranded β-helix to near homogeneity by 

limited proteolysis. 

 

1. E. coli O157 VgrG1his and E. coli O157 c3393his were purified to near homogeneity 

and were shown to be trimer in solution and rich in β-structure by analytical 

ultracentrifugation and far-UV CD analysis (Figure 2-9, 2-10 and Table 2-3). The 

characterization of the putative β-helix region of E. coli O157 VgrG2 and VgrG3 

and E. coli CFT073 c1888 and c1883 indicated that the three-stranded β-helix of 

VgrG proteins is prone to aggregate. 

2. The crystal structure of the C-terminal trypsin-resistant fragment of VgrG1 

(VgrG1CG561) was determined at 1.95Å. It forms a prism-shaped antiparallel 

three-stranded β-helix (Figure 2-22). The topology and structure of VgrG1CG561 

were similar to the three-stranded β-helix domain of gp138 of phi92 phage, which 

indicates a possible evolutional relationship between them. VgrG1CG561 has a long 

loop of 17 amino acid residues between Asp570 and Ala586. I surmised that some 

VgrG proteins would have an enzymatic domain in this loop or a certain Type 6 
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secretion system protein would bind to the loop. VgrG1CG561 is stabilized by the 

hydrogen bonds and a salt bridge at the sharp kinks in addition to the hydrophobic 

core at the center of the β-helix (Figure 2-23 and 2-24). 

3. In order to reveal the determinant of the topology of the three-stranded β-helix, 

structure-based sequence alignment of intertwined three-stranded β-helices and 

antiparallel three-stranded β-helices were performed. It indicated the different 

preference and restriction of the amino acids due to their structural difference, which 

makes it possible to predict the topology of three-stranded β-helix to some extent 

(Figure 2-28 and 2-29). 

4. I concentrated on the crystal structural analysis of E. coli CFT073 c3393, which was 

predicted to contain both intertwined and parallel three-stranded β-helix (Figure 

2-29). hisc3393 was successfully crystallized and the X-ray diffraction data was 

collected at 3.35Å resolution (Figure 2-26, 2-27 and Table 2-5). The phase was 

probably determined by molecular replacement using the crystals structure of the 

N-terminal region of c3393 (PDB 2p5z) as a search model but the search model 

needs to be improved for complete structure. 

5. I have attempted to determine the crystal structure of KVP40 gp5. It was 

crystallized in two different forms (hexagonal-shape and rhombohedral-shape 

(Figure 3-2)), and the full X-ray diffraction data was collected from 

rhombohedral-shaped crystals at the resolution of 2.59Å (Table 3-1). 

6. In parallel with the structural analysis of three-stranded β-helical proteins, I also 

attempted to obtain the artificial three-strained β-helix in more homogenous form. It 

was found that the fusion of SlyD could not completely prevent the association of 

artificial three-stranded β-helix in my constructs, but reduced the large aggregates. 

Native PAGE made it possible to distinguish the oligomerization state and, more 

importantly, detect partially unfolded species (Figure 4-16). It was also found that 

partially unfolded species could be eliminated by the limited proteolysis by trypsin 

(Figure 4-17).  

7. Finally, I succeeded in purifying the artificial three-stranded β-helix to near 

homogeneity in dimer of trimer form by using trypsin treatment (Figure 4-18 and 

4-19). I expect the purification method established in this study would be applicative 

to longer construct. 



115 
 

5-2 Future Perspectives 

1. The X-ray diffraction data of hisc3393 and KVP40 gp5his were obtained in the 

present study. In the case of KVP40 gp5his, the expression and purification 

procedure of the SeMet derivative is already established and its crystallization trials 

are ongoing. The T4 gp5 has the longest three-stranded β-helix with known 

three-dimensional structure but KVP40 gp5 is expected to have even longer 

three-stranded β-helix. Hence, I hope that the crystal structure of KVP40 gp5 will 

promote the understanding of three-stranded β-helical structure and also give us a 

clue to design new artificial three-stranded β-helices.  

2. Another experiment to be performed is the examination if the RHS (rearrangement 

hot spot, Chapter2 2-4) protein could facilitate the folding of VgrG proteins. The 

experiment has been already started in our laboratory. 

3. In the present work, the presence of partially unfolded artificial three-stranded 

β-helix was detected. One possible method to facilitate the folding of artificial 

three-stranded β-helix and eliminate these species would be the introduction of the 

hydrophobic core of gp5C (called C or Cgp5C in this study) to before or after the 

building block. Cgp5C is expected to fold very rigidly thus I expect it would 

stabilize three-stranded β-helix. 



116 
 

 

Table 5-1 Summary of the results towards structural determination    

Protein constructs Expression Purification Crystallization Collection of X-ray 
diffraction data 

Structure 
determination 

E. coli O157         VgrG1his ○ ○    
E. coli O157         VgrG1CM467-his ○ ○    
E. coli O157         VgrG1CG561-his ○ ○ ○ ○ (1.95Å) ○ 
E. coli O157         VgrG2his ○     
E. coli O157   hisSlyD-VgrG2CG474 ○  ○a    
E. coli O157         VgrG3his ○     
E. coli O157   hisSlyD-VgrG3CG458 ○  ○a    
E. coli CFT073       c3393his ○ ○    
E. coli CFT073      hisc3393 ○ ○ ○ ○ (3.35Å)  
E. coli CFT073       c1888his ○     
E. coli CFT073 hisSlyD-c1888CL461 ○  ○a    
E. coli CFT073       c1883his ○     
E. coli CFT073 hisSlyD-c1883CG459 ○  ○a    
KVP40 phage        gp5his  ○b  ○b ○ ○ (2.59Å)  
○ has been achieved. 
a The proteins form aggregation. 
b The expression and purification of KVP40 gp5 were reported by Nemoto et al. (61) 
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