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ABSTRACT 

Nearly all viruses encapsulate their genomes in protective protein shells known as 

capsids. Capsids self-assemble from repeating protein subunits, which surround the viral 

genome. Many viruses use a powerful biomotor to pump DNA into preformed capsid 

shells. Therefore, not only does the capsid protect the genome from environmental 

stress, it additionally stabilizes against high internal pressure caused by the tightly-

packaged genome inside. To understand how capsids remain stable despite extreme 

conditions, I use thermophilic bacteriophage P74-26 as a model to probe the structural 

mechanisms that govern capsid assembly and stability. P74-26 capsids have a similar 

architecture to capsids of mesophilic tailed bacteriophages, allowing direct comparison 

to elucidate the structural basis of enhanced thermostability. Here I determine the 

structure of the P74-26 capsid decoration protein, which contains a core beta-barrel 

domain termed the ‘beta-tulip’ domain. The beta-tulip domain is conserved in structural 

proteins from both Herpesviruses and phage, as well as a broad-spectrum Cas9 

inhibitor, providing evidence of shared evolutionary ancestry.  Additionally, my high-

resolution structure of the P74-26 virion capsid reveals unique interdigitated architectural 

features that contribute to enhanced stability in the thermophile. P74-26 has a 

significantly larger capsid than related mesophiles yet retains the same icosahedral 

geometry, demonstrating a novel mechanism for increasing capsid capacity. 

Furthermore, my thesis work explores capsid assembly and maturation mechanisms in 

vitro, establishing P74-26 as a platform for future development of novel nanoparticles 

and therapeutic delivery systems. Taken together, this work illuminates the incredible 

stability of a thermophilic virus and illustrates its utility as a powerful tool for studying 

viral maturation.  
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CHAPTER I 

 

Introduction 
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Classification and morphology of double-stranded DNA viruses 

Viruses are the most numerous biological particles on the planet, far 

outnumbering their hosts by at least one order of magnitude (Koonin and Dolja, 

2013; Suttle, 2007; Wommack and Colwell, 2000). Most viruses use protein 

shells known as capsids to protect their genomes during transport from one host 

cell to another. Virus capsids vary widely in size, shape, construction, and 

encapsulation mechanism, but all capsids play a similar role in stabilizing the 

viral genome and protecting it from harsh extracellular environments (Mateu, 

2013). This thesis focuses on the capsid stability mechanisms employed by 

double-stranded DNA viruses, in particular that of the tailed bacteriophages. 

In the Baltimore virus classification system, group I viruses are 

characterized by the presence of a double-stranded DNA (dsDNA) genome 

(Baltimore, 1971). The dsDNA virus group features enveloped and non-

enveloped viruses and includes human pathogens (i.e. Adenoviruses, 

Poxviruses, and Herpesviruses), and most bacterial viruses (known as 

bacteriophages). One family of bacteriophages is the Caudoviruses, or tailed 

bacteriophages, which are non-enveloped dsDNA viruses featuring an 

icosahedral capsid and a flexible tail structure used for host cellular attachment 

and infection (Ackermann, 1998). The order Caudoviridae currently includes 

more than 350 unique characterized species from a diverse array of hosts 

(International Committee on Taxonomy of Viruses: talk.ictvonline.org/taxonomy; 

Lefkowitz et al., 2018). Caudoviruses are classified into three viral families based 
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on their unique tail morphologies: Podoviridae, Myoviridae, and Siphoviridae 

(Ackermann, 1998). Podoviruses have short, non-contractile tails that typically 

assemble onto the capsid shell. The well-characterized Podovirus P22 features a 

short tail tube with tail spike proteins necessary for host attachment and DNA 

ejection (Hartwieg et al., 1986; Tang and Marion, 2005). Myoviruses such as 

bacteriophage T4 feature long contractile tails consisting of an inner tail tube, and 

outer contractile tail sheath (Aksyuk et al., 2011; Yap and Rossmann, 2014). 

Siphoviruses, which comprise more than half of all Caudoviruses, feature long 

non-contractile tails with significant flexibility (Davidson et al., 2012). 

Siphoviruses feature a tail tube structure similar to Myoviruses that is 

preassembled prior to capsid attachment, but lack an outer contractile tail sheath.  

The dsDNA Herpesviruses, which are closely related to Caudoviruses, 

infect animal hosts and includes many human pathogens such as Herpes 

Simplex Virus 1 and 2, Human Cytomegalovirus, Epstein-Barr virus, and 

Kaposi’s Sarcoma-associated Herpesvirus (Davison, 2007a). Herpesviruses 

feature longer genomes than most tailed phages and accordingly have capsids 

with a larger interior capacity. Herpesvirus genomes range from 125-250 kb in 

length, which are packaged into preformed capsid shells in a similar manner to 

Caudoviruses (Davison, 2007b; Honess, 1984). Herpesviruses and tailed phages 

have homologous icosahedral capsid assemblies, with significant structural 

conservation of core capsid proteins (Veesler and Cambillau, 2011; Veesler and 

Johnson, 2013). In contrast to tailed phage however, Herpesvirus virions feature 
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an additional outer tegument layer and envelope required for infection that 

surround the icosahedral capsid (Kelly et al., 2009; Mettenleiter, 2002; Yu et al., 

2011).  

All dsDNA viruses package their genomes into capsid shells, generating 

significant pressures within the capsid (Earnshaw and Casjens, 1980; Evilevitch 

et al., 2004). The internal pressure caused by the tightly-packed genome 

necessitates significant stabilization of dsDNA virus capsid shells. In this thesis, I 

seek to probe the structural mechanisms of capsid stability and assembly using a 

thermophilic Caudovirus to elucidate the molecular underpinnings of the viral 

maturation mechanism. 
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Viral maturation in dsDNA viruses 

Maturation is a critical stage in the life cycle of all viruses that leads to the 

production of mature, infectious virus particles (Delgui and Rodríguez, 2013; 

Mateu, 2013). The viral maturation process in dsDNA viruses occurs in three 

main stages: 1) assembly of a preformed capsid shell known as the procapsid, 2) 

ATP-dependent genome packaging, and 3) capsid expansion and final virion 

assembly (Figure 1.1) (Steven et al., 2005; Veesler and Johnson, 2012). First, a 

small cohort of essential structural proteins undergo a complex self-assembly 

reaction to generate a relaxed, spherical protein shell known as the procapsid. 

Following assembly, a powerful ATPase motor packages the viral genome into 

the procapsid with high efficiency (Johnson and Chiu, 2007; Rao and Feiss, 

2008). Finally, the pressure generated by the genome packaging reaction leads 

to capsid expansion from the spherical procapsid state into an expanded, 

isometric capsid. Once packaging is completed, final assembly of the mature 

infectious virion occurs, typically including the attachment of a tail structure 

required for host infection. The events of viral maturation are highly coordinated, 

and lead to the rapid assembly of a homogeneous population of infectious 

virions.  

Viral maturation is an incredibly dynamic process. Capsid expansion 

causes significant rearrangement of the capsid subunits, requiring a large 

amount of flexibility to accommodate the incoming genome (Dokland and 

Murialdo, 1993; Gertsman et al., 2009; Prasad et al., 1993). Despite this inherent 
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flexibility the capsid subunits must also stabilize the capsid against high internal 

pressure caused by the packaging reaction, retaining rigidity in the mature virion. 

This thesis seeks to determine the structural mechanisms of capsid stability and 

assembly in a novel thermophilic bacteriophage model system. Using the 

hyperthermophilic bacteriophage P74-26 (Minakhin et al., 2008; Yu et al., 2006) 

– a close relative of well-characterized mesophilic Caudoviruses – we can 

directly compare thermophilic and mesophilic virions and dissect the structural 

and biochemical mechanisms of capsid thermostability.  
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Figure 1.1. Viral maturation in dsDNA viruses. Maturation begins with the assembly 
of the procapsid from repeating subunits of one or more capsid coat proteins, a 
scaffolding protein, and portal protein. Then, the packaging motor complexed with 
genome binds to the capsid portal vertex and DNA is pumped into the capsid in an ATP-
dependent manner. Loss of the scaffolding protein causes capsid expansion from a 
spherical procapsid to isometric capsid. In some dsDNA viruses, expansion exposes 
binding sites for decoration proteins or other auxiliary stabilizing proteins. Upon 
completion of packaging the packaging motor and genome dissociate from the capsid 
and final assembly of the mature, infectious virion occurs.  
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Procapsid assembly 

In most tailed phages, procapsids are typically assembled from repeated 

copies of a few essential structural proteins; a Major Capsid Protein that forms 

the bulk of the capsid shell, a scaffolding protein or domain to aid in capsid 

assembly, and the portal protein, which forms a pore for genome entry and exit. 

These three protein subunits are the minimal requirements for assembly of 

dsDNA virus procapsids, though in certain families such as Herpesviruses 

additional components are typically required for proper assembly (Cardone et al., 

Yang and Baines, 2008).   

The Major Capsid Protein 

The Major Capsid Protein (MCP) or coat protein forms the majority of the capsid 

shell in dsDNA viruses. The viral capsid shell is constructed from pentameric and 

hexameric oligomers of MCP or equivalent coat proteins termed pentons and 

hexons, respectively – collectively known as capsomers (Caspar and Klug, 

1962). In the isometric assembly, pentons are situated at 11 of 12 icosahedral 

vertices in the capsid, while the portal occupies the final icosahedral vertex 

(Hendrix, 1978; Parent et al., 2018). Hexons comprise the remaining surface 

area of the capsid shell (Figure 1.2A,B), and the number of hexons incorporated 

in the icosahedron typically varies in correlation with capsid size (Prasad and 

Schmid, 2012).  
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Figure 1.2. The HK97 fold is conserved in many dsDNA virus Major Capsid 
Proteins.  
A) Orientation of HK97 hexons (blue) and pentons (green) within the icosahedral capsid 
assembly. Penton subunits form the fivefold icosahedral vertices, while the hexons coat 
the remaining surface of the capsid shell.  
B) Capsomer schematic showing the organization of MCP monomers in a single hexon 
from phage HK97.  
C) Schematic of the HK97 Major Capsid Protein colored by core fold domain, 
highlighting the common features of the HK97 fold conserved in most tailed phages 
(PDB: 1OHG).  
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Structure elucidation of dsDNA virus capsids reveals that MCPs from a 

diverse array of viruses often share common architectures, and these viruses 

can be sorted into defined ancestral lineages based on the overall fold of MCP 

(Krupovic and Bamford, 2011). Papillomavirus and Polyomavirus MCPs have a 

‘Jelly-roll fold’ architecture formed by two adjacent 4-stranded β-sheets arranged 

in a barrel-like conformation (Chen et al., 2000; Stehle et al., 1996). While 

present in these two families of dsDNA viruses, the Jelly-roll fold is much more 

prevalent amongst viruses with RNA genomes (Krupovic and Bamford, 2011; 

Rossmann and Johnson, 1989). dsDNA viruses from nine different families 

including Adenoviruses and Poxviruses contain a ‘double Jelly-roll fold’ that 

consists of two β-barrel Jelly-roll domains joined by a linker region. Unlike the 

single Jelly-roll fold, the double Jelly-roll fold is found only in dsDNA viruses 

(Khayat and Johnson, 2011; Roberts et al., 1986; San martin and Van, 2018).  

One of the most common MCP architectural lineages in dsDNA viruses is 

the ‘HK97 fold’. The HK97 fold is conserved in viruses that infect all domains of 

life, and is found in both Caudoviruses and Herpesviruses (Krupovic and 

Bamford, 2011; Suhanovsky and Teschke, 2015). The HK97 fold is named after 

bacteriophage HK97, the first virus of this lineage to be structurally characterized 

(Gertsman et al., 2009; Wikoff et al., 2000). HK97 folds from these viruses share 

several conserved domains and architectural features, principal among them the 

P-domain, A-domain, N-arm, and E-loop (Figure 1.2C). These core domains are 

conserved in all HK97-like viruses (Figure 1.3).  
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Figure 1.3. Conservation of Major Capsid Protein HK97 folds. HK97-folds of MCPs 
from several Caudoviruses, and the conserved HK97-fold domain of Human 
Cytomegalovirus (HCMV) MCP. PDB accession codes are listed below each model.  
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The P-domain forms one of two main globular regions of the HK97 fold. 

The P-domain consists of a long 3-4 stranded β-sheet and a long α-helix termed 

the ‘spine helix’ that spans the length of the domain. The A-domain forms the 

other core globular domain of the HK97 fold, and includes a 5-stranded β-sheet 

that forms a ‘β-hinge’ between the A- and P-domains (Gertsman et al., 2009; 

Teschke and Parent, 2010; Wikoff et al., 2000). Together, these two globular 

domains form the bulk of the HK97 fold surface and form the core characteristic 

‘L’-shape. Within the capsomer assembly, the HK97 fold A-domains are situated 

toward the center, with the P-domains of the HK97 fold emanating radially 

outward toward the capsomer edges (Figure 1.2B).   

The additional architectural features of the HK97 fold in general are loops 

and extensions that emanate from these core globular domains. The E-loop 

forms a long β-hairpin that extends outward from the core HK97 fold. The E-loop 

forms extensive contacts with an adjacent MCP subunits, forming critical 

interactions with the N-arm and/or P-domain from a neighboring MCP subunit 

stabilizing the capsid shell (Lander et al., 2008; Suhanovsky and Teschke, 2015; 

Wikoff et al., 2000). In many HK97-like viruses the N-arm of the HK97 fold plays 

a role in stabilizing the capsid shell. The N-arm is often oriented toward the 

capsid interior, but in some viruses adopts alternate conformations to form 

stabilizing interactions with neighboring intra-capsomer MCP subunits (Lander et 

al., 2008; Liu et al., 2010), adjacent capsomers (Bayfield et al., 2019; Guo et al., 
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2014; Zhao et al., 2017), or decoration proteins on the capsid surface (Bayfield et 

al., 2019; Zhang et al., 2013).  

Additional features found in several HK97-like viruses include the G-loop – 

a glycine rich extension from the P-domain that interacts with the E-loop to 

stabilize capsomers (Bayfield et al., 2019; Tso et al., 2014), and the F-loop – a 

small insertion loop between the N-arm and E-loop that further stabilizes the 

threefold capsid axes (Liu et al., 2010). A number of dsDNA viruses have 

additional insertion domains, often called I-domains, within the A-domain or E-

loop that are essential for procapsid assembly and particle stability (Rizzo et al., 

2014; Fokine et al., 2005; Zhao et al., 2017).  

Herpesvirus MCPs also contain the conserved HK97 fold domain, though 

the architecture of MCP is significantly more complex than that seen in 

Caudoviruses. Herpesvirus MCPs contain both a ‘floor’ and ‘tower’ region; the 

floor region includes the conserved HK97 fold and three additional extension 

domains, while the tower region includes an additional three domains required for 

assembly that are unique to the Herpesviruses (Dai et al., 2018; Dai and Zhou, 

2018; Yu et al., 2017). 

Portal protein 

 The portal protein forms a dodecameric ring assembly with a central pore 

that is used for genome entry and exit in the viral capsid (Bazinet and King, 1988; 

Driedonks et al., 1981; Valpuesta and Carrascosa, 1994; Newcomb et al., 2001). 
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The portal ring occupies one of the 12 fivefold icosahedral vertices of the capsid 

and serves as the primary attachment site for the genome packaging motor and 

later the tail assembly, forming a symmetry mismatch between the capsid shell 

and the neck/tail region of the virion (Hendrix, 1978; Parent et al., 2018). The 

portal dodecamer plays a key role in multiple steps of viral maturation including 

nucleation of procapsid assembly, genome packaging and termination, and final 

assembly of the mature virion.  

 Portal nucleates procapsid assembly by recruiting scaffolding proteins and 

MCP to a single dodecameric ring, leading to only one point of entry and egress 

in each assembled procapsid (Motwani and Teschke, 2019; Newcomb et al., 

2005). During genome packaging, the portal ring complexes with the genome 

packaging motor, forming a central pore through which genomic DNA enters the 

procapsid (Black, 1989; Earnshaw and Casjens, 1980). Previous studies in 

phage P22 suggest that portal also plays a role in termination of packaging, as 

portal undergoes conformational changes concurrent with conformational 

switching of capsid expansion. This conformational switching has been 

suggested to cause a change in binding affinity between the DNA packaging 

motor and portal, leading to motor dissociation upon packaging completion 

(Casjens et al., 1992; Lokareddy et al., 2017).  
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Scaffolding protein 

 Proper procapsid assembly often requires an interior or exterior 

scaffolding component that is not present in the mature virion (Casjens and King, 

1974; Dokland, 1999; Prevelige and Fane 2012). Without an interior scaffolding 

protein, MCPs in some Caudoviruses assemble into aberrant structures 

(including ‘polyhead’ structures and capsid filaments) or smaller isometric heads 

constructed from fewer MCP subunits (Choi et al., 2006; Earnshaw and King, 

1978; Howatson and Kemp, 1975; Thuman-Commike et al., 1998).  

Internal Scaffolding proteins in dsDNA viruses occupy a large amount of 

the procapsid interior, necessitating removal to allow entry of the viral genome 

during maturation. Many Caudoviruses and Herpesviruses use a single interior 

scaffolding protein to direct capsid assembly, which is either degraded by a 

maturational protease (Liu and Roizman, 1991; Prevelige and Fane, 2012; 

Thomsen 1995) or ejected from the capsid shell during or after genome 

packaging (Prasad et al., 1993; Chen et al., 2011). Phages HK97 and T5 have a 

unique scaffolding domain (termed the delta-domain in HK97) within the MCP 

that facilitates procapsid assembly in a similar manner to independent scaffolding 

proteins, wherein proteolytic cleavage of the scaffolding domain leads to capsid 

expansion (Huet et al., 2010; Gertsman et al., 2009; Huang et al., 2011).  

Structural characterization of the interior scaffolding protein from phage 

Φ29 showed it is primarily α-helical, consisting of a long coiled-coil formed by two 
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α-helices with adjacent helix-turn-helix motifs at one end that form an arrowhead-

like capsid binding domain (Morais et al., 2003). Previous work with scaffolding 

proteins from phage P22 and 80α additionally determined that the capsid binding 

region of the Scaffolding protein forms electrostatic interactions with the MCP 

capsomer interior surface, thus facilitating recruitment of capsomers to the 

procapsid assembly (Cortines et al., 2011; Dearborn et al., 2017).  

 

Genome packaging in dsDNA viruses 

 All viruses encapsulate their genomes in capsid protein shells. Many 

viruses with small genomes encapsulate their genomes during capsid assembly, 

but incorporation in such a manner is unsuitable for viruses with complex 

genomes. dsDNA viruses have large genomes that predominantly exceed 15 kb 

in length (Hatful, 2008). As such, most dsDNA viruses use a powerful ATPase 

motor known as the terminase to package the genome into preformed procapsids 

(Johnson and Chiu, 2007; Black, 1989; Rao and Feiss, 2008). The terminase 

motor complex consists of both a small and large terminase (TerS and TerL, 

respectively). TerS is responsible for recognition of genomic DNA (Al-zahrani et 

al., 2009; Catalano et al., 1995), while TerL houses both ATP-hydrolysis and 

nuclease functionality of the terminase motor required for translocation and 

termination of packaging (Rao and Feiss, 2008).  
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Genome packaging reaction 

The genome packaging reaction begins with the recognition of replicated 

genomic DNA by the terminase motor (Black, 1989; Catalano, 1995). The viral 

genome is typically replicated as end-to-end concatemers as a byproduct of 

rolling-circle amplification, which are used as the packaging substrate (Casjens 

and Gilcrease, 2009). The terminase complex along with the genome 

concatemer then assembles onto the unique portal vertex of the procapsid to 

facilitate genome packaging and DNA is then pumped into the procapsid in an 

ATP-dependent manner (Catalano et al., 1995; Hsiao and Black, 1977; Fujisawa 

et al., 1991; Yeo and Feiss, 1995). In many dsDNA viruses including phage P22, 

the incoming DNA begins to generate interior capsid pressure and causes the 

ejection of the scaffolding protein through pores in the capsid shell. The loss of 

the scaffolding protein then leads to expansion into an expanded isometric 

particle (Prasad et al., 1993). The genome packaging reaction generates a 

significant amount of pressure at the capsid interior, compressing the DNA within 

the capsid to near-crystalline density upon completion of packaging (Earnshaw 

and Casjens, 1980; Evilevitch et al., 2004). The compression of genomic DNA 

causes a significant buildup of pressure inside the capsid that can reach 60 

atmospheres (Purohit et al., 2005; Smith et al., 2001). To compete with the 

increasing capsid pressure, the powerful terminase motor is capable of 

packaging against forces nearing 60 pN (Fuller et al., 2007; Smith et al., 2001). 
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Packaging mechanisms and termination 

 In dsDNA viruses, there are two types of genome packaging: unit-length 

packaging and headful packaging. In ‘unit-length’ packaging viruses such as 

phage Lambda, the terminase motor cleaves at specific cut sites before and after 

genome packaging, resulting in exactly one complete genome from the 

concatemeric DNA packaging into the capsid (Catalano, 1995; Catalano 2005; 

Fujisawa and Morita, 1997). In contrast, terminases of ‘headful’ packaging 

viruses such as phage P22 package the concatemeric genome nonspecifically, 

completely filling the capsid shell (Black, 1989; Coren et al., 1995; Streisinger et 

al., 1967; Casjens et al., 1988). This leads to inclusion of >1 genome length of 

DNA packaged in the capsid. This redundancy of headful packaging creates a 

circularly permuted genome that is suitable for rolling-circle amplification in the 

host cell (Casjens and Gilcrease, 2009). Upon packaging completion, the large 

terminase cleaves the concatemeric DNA and dissociates from the portal vertex 

(Bhattacharyya and Rao, 1993). Dissociation of motor and genome leaves the 

portal vertex exposed for addition of tail proteins and final virion assembly.  
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Capsid expansion and mature virion assembly 

 The genome packaging reaction and loss of interior Scaffolding proteins 

causes significant rearrangement of the capsid subunits in dsDNA viruses. In 

some viruses such as HK97, proteolytic cleavage of the interior scaffold 

precedes the genome packaging reaction (Conway et al., 1995; Duda et al., 

1995). In Caudoviruses and Herpesviruses with an independent Scaffolding 

protein, loss of the interior scaffold and capsid expansion occurs concurrent with 

the genome packaging reaction (Prevelige and Fane, 2012). Loss of the 

Scaffolding protein either from proteolytic cleavage or pressure from the 

incoming genome leads to an approximate 10% expansion in capsid size, 

transitioning from a spherical procapsid to an isometric virion (Dokland and 

Murialdo, 1993; Fokine and Rossmann, 2014; Prasad et al., 1993). Expansion of 

the capsid yields flatter MCP capsomers, forming an expanded rigid particle with 

an overall thinner capsid shell (Figure 1.4) (Chen et al., 2011; Gertsman et al., 

2009; Preux et al., 2013; Wikoff et al., 2000). In several viruses, expansion of the 

capsid shell also reveals binding sites for additional auxiliary proteins, such as 

decoration or cementing proteins found in Caudoviruses, which bind 

preferentially to the outer surface of the expanded capsid shell (Lander et al., 

2008; Tang et al., 2006; Yang et al., 2000).   

 After capsid expansion and completion of genome packaging in most 

Caudoviruses, a preassembled tail structure required for infection of the host cell 

is attached to the Portal vertex (Ackermann, 1998). The tail includes a baseplate 
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or tip necessary for cellular attachment in Myoviruses and Siphoviruses (Dowah 

and Clokie, 2018; Taylor et al., 2016) and a tail tube composed of repeated major 

tail protein subunits (Pell et al., 2009). Myovirus tails are contractile, and include 

an additional outer tail sheath that contracts during cell attachment and injection 

(Leiman et al., 2004; Taylor et al., 2016). Many Caudoviruses also possess a tail 

Tape Measure Protein, which dictates the overall length of the tails leading to 

uniform tail assembly (Xu et al., 2014). Rather than attachment of a 

preassembled tail fiber, Podoviruses such as P22 assemble a small injection 

complex at the portal vertex that includes the addition of tail spike proteins 

required for cellular attachment (Berget and Poteete, 1980; Tang et al., 2005). In 

dsDNA viruses, this final assembly and attachment of the tail structure to the 

DNA-filled capsid shell generates the mature, infectious virion. 

 

 

 

 

 

 

 

 



21 

 

 

 

 

Figure 1.4. Capsid maturational expansion causes thinning of the capsid shell.   
A) Morphological comparison of phage HK97 procapsid (cyan) and mature virion (blue) 
with pentons colored in red.  
B) Capsid expansion causes thinning of the capsid wall by adopting a ‘flattened’ 
capsomers in the mature virion conformation. Procapsid and mature virion hexons are 
shown in cyan and blue, respectively.  
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Capsid architecture and assembly in icosahedral viruses 

 Icosahedral virus capsids vary widely in size, ranging from small viruses 

that house only a few essential genes, to the aptly-named giant viruses with 

genomes exceeding 1 Mb in length (Colson et al., 2013). Icosahedral capsids are 

formed from multiple copies of one or more coat proteins that assemble into 

capsomers – both pentons and hexons – that are assembled into the complete 

capsid shell. Icosahedral capsid size is typically modulated by the incorporation 

of an increasing amount of capsid subunits during assembly, leading to capsids 

with a larger interior volume (Llorente et al., 2014; Mannige and Brooks, 2009; 

2010; Prasad and Schmid, 2012). Despite large differences in capsid size, a 

single set of core principles describes the geometric assembly of most 

icosahedral virus capsids.  

Icosahedral capsids contain fivefold, threefold, and twofold rotational axes 

within the overall assembly. The fivefold axes comprise the 12 total icosahedral 

vertices of the capsid shell (including the portal vertex), while the two- and 

threefold axes are formed at the junctions between two or three capsomers 

(Prasad and Schmid, 2012). The capsomer interaction sites are considered to be 

quasi-twofold or threefold when situated directly adjacent to a penton. Between 

the 12 fivefold vertices of the capsid sit 20 total icosahedral faces that vary with 

the size of the capsid. Thus, most icosahedral viruses have 12 penton subunits 

that form the icosahedral vertices and a variable number of hexon subunits that 

dictate the overall size of the capsid shell (Llorente et al., 2014; Mannige and 
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Brooks, 2009; 2010). According to the principles of ‘quasi-equivalence theory’ 

first proposed by Caspar and Klug, icosahedral capsids of any size are 

constructed from 60 total asymmetric units by varying the arrangement of 

capsomers and total number of coat protein subunits incorporated in the 

assembly (Caspar and Klug, 1962). For the construction of a perfect icosahedron 

the total number of coat protein subunits required for assembly can be denoted 

as 60*T, where T is defined as the triangulation number. 

Since all icosahedral viruses have 12 fivefold vertices (11 pentons and a 

portal) regardless of capsid size, the distance between two pentons – and the 

arrangement of hexons in the icosahedral faces – is used as a standardized 

measurement of capsid size. Starting from one penton, the number of hexon 

‘steps’ required to reach the nearest neighboring penton can be expressed as 

steps in one direction, h, and a second direction 60˚ off-axis, k, where h ≥ 1 and k 

≥ 0 (Figure 1.5A). Using these two stepwise measurements, capsid triangulation 

number is defined by the equation: T = h2 + h*k + k2 (Caspar and Klug, 1962). 

The simplest icosahedral viruses are constructed from 60 total coat protein 

subunits and have T=1 geometry. These capsids contain only the 12 pentons at 

the icosahedral vertices with no hexons on the capsid surface (Mannige and 

Brooks, 2009). Thus for most icosahedral viruses T>1, addition of hexons, rather 

than significant modulation of the MCP conformation, increases the capsid 

surface area and interior volume. This causes viruses of a given T-number to 
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adopt discrete capsid sizes (Mannige and Brooks, 2009). A notable exception to 

this mechanism of increasing capsid capacity is discussed in Chapter III.  

 In order to retain icosahedral geometry, capsomers within the capsid 

surface are often modulated into specific conformations. While pentons situated 

at the icosahedral vertices adopt only a single conformation, the subunit-subunit 

dihedral angles of hexons varies with capsomer position and particle size 

(Mannige and Brooks, 2009; 2010).  Many Caudoviruses have T=7 symmetry, 

constructed from 11 pentons and 60 total hexons (Figure 1.5B). In this 

arrangement, each hexon contacts a single penton and all 60 hexons required for 

assembly are considered to be situated in near-equivalent chemical 

environments (Caspar and Klug, 1962). In viruses T=3, 4, and 7, only a single 

hexon conformation is required for assembly. In larger icosahedral viruses, 

proximity to the fivefold vertices and the edges of icosahedral faces leads to two 

or more hexon conformations within the capsid assembly (Mannige and Brooks, 

2009; Zandi et al., 2004). For example, Herpesviruses have T=16 geometry with 

150 total hexons (Figure 1.5C). Thus, the assembly includes two different hexon 

conformations; bent or ‘winged’ hexons situated at the edges of the icosahedral 

faces, and ‘flat’ hexons in the center of the icosahedral face (Mannige and 

Brooks 2010).  In Chapter III, I propose that both capsid size (i.e. T-number) and 

hexon conformational heterogeneity have a significant impact on capsid stability 

by introducing increased complexity and thus more potential weak points to the 

capsid assembly.  
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Figure 1.5. Capsid capacity and relationship to icosahedral geometry. 
A) In most dsDNA viruses, capsid size is regulated by addition of hexon subunits to the 
icosahedral assembly. Icosahedral viruses are classified by Triangulation number (T), 
calculated by the overall distance in steps h and k between icosahedral vertices.  
B) Schematic representation of the T=7 icosahedron commonly found in Caudoviruses. 
Right, icosahedral face highlighting a single hexon (yellow). All hexons in the T=7 
assembly share the same conformation and are considered equivalent.  
C) In T>7 viruses including T=16 Herpesviruses, multiple conformations of hexons (blue 
and green) are required to produce the complete assembly.  
Figure adapted from Mannige RV, Brooks CL III (2010) Periodic Table of Virus Capsids: 
Implications for Natural Selection and Design. PLOS ONE. 
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Structure determination of virus capsids 

 There are two main methods that historically have been essential for the 

elucidation of virus and capsid structures: Electron microscopy (EM) and X-ray 

crystallography. Following the introduction and early adoption of EM in the 1930’s 

and 1940’s, biologists quickly realized the utility of EM for the characterization of 

virus morphology and diagnosis of viral pathogens (Nagler and Rake, 1948; 

Ruska, 1987). The development of negative-staining EM provided a rapid 

method for preparing microscopy grids using aqueous samples and heavy metal 

stain to generate high-contrast images. Negative-staining EM was useful for the 

early classification of viruses and phage, providing some of the earliest high-

quality images of virions and phages (Ackermann and Prangishvili, 2010; 

Brenner et al., 1959a, 1959b; Hall, 1955; Huxley and Zubay, 1961; Tikhonenko, 

1970).   

The first atomic-resolution structures of virus capsids were determined by 

X-ray crystallography (Abad-Zapatero et al., 1980; Harrison et al., 1978). To 

date, more than 400 virus capsid structures have been determined by 

crystallography. It is particularly difficult to elucidate structures of large capsids 

and viruses with irregular symmetry elements. Thus, dsDNA viruses and tailed 

phages in particular are largely underrepresented by crystallographic structures 

(Jiang and Tang, 2017; http://viperdb.scripps.edu/xray.php). Wikoff and 

colleagues were able to elucidate the 3.4 Å structure of the phage HK97 capsid, 

a significant undertaking, only using virus-like particle assemblies of the Major 
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Capsid Protein (Wikoff et al., 2000). Several other virus structures determined 

using crystallography likewise used surrogate virus-like particles or mutagenesis 

to facilitate crystallization (Burmeister et al., 2015; Ford et al., 2013; Guu et al., 

2009). 

The development of cryo-electron microscopy (cryo-EM) was a significant 

leap forward for structure determination by eliminating the need for heavy-metal 

staining or fixing of specimens to prevent electron beam-induced damage of 

samples. Cryo-EM grids are flash frozen in liquid ethane to produce a thin layer 

of vitreous (non-crystalline) ice to immobilize particles in their native state 

(Dubochet 1988). Prepared as such, particles adopt multiple orientations within 

the vitreous ice, facilitating 3-dimensional computational reconstruction (Chang et 

al., 2015). Furthermore, sample preparation without fixative or the need for 

crystallization allows for the structural characterization of virions and capsid 

intermediate structures in their native states with minimal manipulation. Despite 

the success of cryo-EM in analyzing virus capsid structure, resolution was still 

largely limited preventing high resolution structure determination. Early cryo-EM 

reconstructions were often paired with atomic structures of capsid components 

solved by crystallography to generate pseudoatomic models of complete capsid 

assemblies (Baker et al., 1999).   
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High-resolution cryo-EM and virus structure 

In recent years, the introduction of Direct Electron Detection Devices has 

made single-particle cryo-EM a powerful technique for determining structures of 

macromolecules at near-atomic resolution (Faruqi and McMullan, 2011; Jin et al., 

2008; Milazzo et al., 2010; 2011; Mooney et al., 2011). The emergence of direct 

detectors offers significant advantages over previous data collection methods – 

traditional photographic film exposure and digital collection using Charge-

Coupled Detectors (CCD). CCD detectors use an indirect scintillation counting 

method to convert electron dosage counts into a digital micrograph. The 

development of CCD cameras did introduce high-throughput digital data 

collection methods and on-the-fly image analysis (Carragher et al., 2000; 

Nakamura et al., 2010; Zhang et al., 2003), but photographic film was often 

preferred due to the higher Detective Quantum Efficiency (DQE) and thus a 

higher signal-to-noise ratio compared to CCD output (McMullan et al., 2009; 

Bammes et al., 2011). Direct electron detectors allow for direct exposure of the 

incident electron beam, eliminating the need for digital conversion as in the case 

of CCD detectors, while achieving a higher DQE than photographic film (Wu et 

al., 2016). Additionally, direct electron detectors advanced high-throughput data 

collection and the rapid collection of limited dose movie frames for beam-induced 

motion correction (Campbell et al., 2012; Li et al., 2013). Direct electron 

detectors paired with high-powered electron microscopes and the rapid 
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development of single-particle reconstruction software packages in recent years 

has led to the so-named ‘Resolution Revolution’ in cryo-EM (Kühlbrandt, 2014).   

The resolution revolution unsurprisingly had a significant impact on capsid 

structure determination, improving both data collection and processing. Cryo-EM 

grid sample preparations can be significantly less cumbersome than 

crystallization and the time from sample preparation to 3D reconstruction is 

greatly reduced. To date nearly 400 capsid structures have been solved using 

cryo-EM methods. In contrast to crystallographic structures, cryo-EM 

reconstructions sample a wider variety of capsid sizes, expanding well beyond 

sizes practical for crystallographic methods (viperdb.scripps.edu/cryoem.php). 

Given the inherent highly-ordered symmetry of icosahedral virus capsids, dsDNA 

viruses are ideal candidates for structure determination by cryo-EM. During data 

processing and 3D reconstruction, 60-fold icosahedral symmetry can be imposed 

on the refinement procedure to significantly improve resolution (Guo and Jiang, 

2015; Jiang and Tang, 2018). Icosahedral refinement methods paired with 

improvements in direct detector technology has led to the elucidation of several 

atomic resolution capsid structures of dsDNA viruses, which have continued to 

advance our understanding of capsid assembly and maturation (Table 1.1). With 

the rapid advancement of direct detectors and improved data processing 

techniques, capsid reconstructions continue to improve, with dsDNA virus capsid 

structures now exceeding 3 Å resolution (Chapter III; Zhao et al., 2017).  
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Table 1.1. Atomic resolution structures of Herpesviruses and Caudoviruses. 

Virus Family Species Capsid Structure Resol.* (Å) Method PDB code 
Herpesviridae HCMV Mature virion 3.9 cryo-EM 5VKU 
 HSV-2 Mature virion 3.1 cryo-EM 5ZAP 
Myoviridae T4 Isometric head 3.3 cryo-EM 5VF3 
Podoviridae BPP1 Mature virion 3.5 cryo-EM 3J4U 
 P22 Procapsid

† 3.8 cryo-EM 2XYY 
  Mature virion

† 4.0 cryo-EM 2XYZ 
  Mature virion 3.3 cryo-EM 5UU5 
 Sf6 Mature virion 2.9 cryo-EM 5L35 
 T7 Head intermediate 3.5 cryo-EM 3J7W 
  Mature virion 3.6 cryo-EM 3J7X 
Siphoviridae 80α Procapsid 3.7 cryo-EM 6B23 
  Procapsid 3.8 cryo-EM 6B0X 
 ATCC_Clear Capsid 3.7 cryo-EM 3JB5 
 HK97 Head intermediate II 3.6 x-ray 3E8K 
  Head intermediate II 3.9 x-ray 2FT1 
  Head intermediate IV 3.8 x-ray 2FSY 
  Mature Virion 3.4 x-ray 1OHG 
 P23-45 Expanded head 3.7 cryo-EM 6I9E 
 P74-26 Mature virion 2.8 cryo-EM 6O3H 
 TW1 Mature virion 3.6 cryo-EM 5WK1 

 

* Atomic resolution; defined as ≤ 4Å 

† C
α 
backbone model 
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Capsid stability mechanisms in dsDNA viruses 

 The maturation of dsDNA virus capsids causes a substantial 

conformational switch in capsid architecture, flattening the capsid shell and 

increasing the interior volume (Figure 1.4). The capsid additionally 

accommodates the viral genome, which generates a large amount of pressure 

within the capsid. dsDNA viruses use a number of different mechanisms to 

stabilize the capsid shell against a high interior pressure. High-resolution 

structure determination of dsDNA virus capsids and capsid proteins has played 

an instrumental role in elucidating the structural mechanisms of capsid stability in 

dsDNA viruses.  

 The complex organization of MCP subunits as hexons and pentons within 

the capsid generates inherent weaknesses that require stabilization by extensive 

interactions between capsid subunits, and the addition of other structural proteins 

to the assembly. dsDNA viruses in particular have evolved a wide array of 

strategies to stabilize the capsid against high internal pressures. In phage HK97, 

capsid expansion leads to autocatalytic formation of covalent crosslinks between 

neighboring capsomers at the threefold axes, the junction point of three 

capsomers. This crosslinking creates an isopeptide bond between the E-loop and 

P-domain of two adjacent MCP subunits across the threefold axis, forming a 

protein ‘chain mail’ linking adjacent capsomers (Figure 1.6A) (Gertsman et al., 

2009; Wikoff et al., 2000). This mechanism of generating covalent linkages 
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between capsid subunits is unique to HK97 and is not seen in any other dsDNA 

viruses.  

 Alternatively, some dsDNA viruses use auxiliary proteins such as 

decoration proteins for additional capsid stabilization, which bind to the expanded 

capsid as either dimers (Baker et al., 2013; Zhang et al., 2015) or trimers (Lander 

et al., 2008; Pietilä et al., 2013; Qin et al., 2010; Shen et al., 2012; Stone et al., 

2018; Wang et al., 2018; Yang et al., 2000) at capsomer junction sites. In the 

well-characterized phage Lambda for example, the decoration protein gpD forms 

homotrimers that bind to the threefold and quasi-threefold axes, stabilizing each 

capsomer junction in the entire capsid assembly (Figure 1.6B) (Lander et al., 

2008; Yang et al., 2008). The decoration protein is essential for encapsulation of 

the genome. Capsid assembly in the absence of Lambda gpD leads to an 

inability to contain the full-length genome (Sternberg and Weisberg, 1977). The 

decoration protein includes an extended N-terminal arm motif that forms 

extensive contact with a neighboring capsomer, creating a stabilizing 4-stranded 

β-sheet with the E-loop and N-arm of two adjacent MCP monomers (Lander et 

al., 2008). Phage T4 features a small outer capsid protein termed ‘Soc’ that 

adopts a similar homotrimeric arrangement at the threefold and quasi-threefold 

axes, despite having a prolate head morphology. Nevertheless, Soc performs a 

similar function to Lambda gpD in stabilizing the capsid shell (Qin et al., 2010).  

Dimeric decoration proteins differ in structure to their trimeric counterparts, but 

form similar stabilizing interactions albeit across the twofold axes between 
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capsomers (Zhang et al., 2015). Other auxiliary decoration proteins in some 

viruses such as the T4 highly-immunogenic outer capsid protein ‘Hoc’ and the 

SPP1 decoration protein bind to the center of hexons, but have little effect on 

stabilization of the capsid shell (Ross et al., 1985; Sathaliyawala et al., 2010; 

White et al., 2012).   

 Herpesviruses use Triplex proteins to stabilize the capsid shell in place of 

phage decoration proteins at the threefold axes in the capsid assembly. Rather 

than binding to the outer surface of the capsid after maturational expansion, 

Triplex proteins are an integral part of the assembly, filling pores in the capsid 

surface (Newcomb et al., 1993; Yu et al., 2017; Zhou et al., 1995). In contrast to 

the homo-trimeric decoration proteins found in some phages, Herpesvirus Triplex 

proteins form asymmetric trimers comprised of two different Triplex proteins, Tri1 

and Tri2, in a 2:1 ratio (Figure 1.6C). Despite substantial differences in protein 

arrangement, Herpesvirus Triplex proteins share significant structural homology 

with Caudovirus decoration proteins within the core β-barrel domain, suggesting 

a common evolutionary lineage (Chapter II; Yu et al., 2017). In the Herpesvirus 

Human Cytomegalovirus (HCMV), additional interactions between HK97-fold 

domains in the MCP further stabilize capsomer junctions. Unique α-helical 

dimerization domains bind across the twofold axes, while an extended N-arm 

‘lasso’ domain interacts with adjacent MCP E-loops, forming an additional ‘lasso 

triangle’ around the threefold axes that lies beneath the Triplex trimer (Yu et al., 

2017).  
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Figure 1.6. Mechanisms of capsid stabilization at the threefold capsid axes.  
A) Many dsDNA viruses require additional stabilization at the threefold axes where 
capsomers meet. Upon capsid expansion, phage HK97 adopts a protein chain mail 
conformation, forming covalent crosslinks about the threefold axes (Inset; PDB: 1OHG).  
B) dsDNA decoration proteins often form homotrimers that bind to the outer surface of 
the capsid shell (PDB: 6O3H). 
C) Herpesvirus capsids stabilize threefold axes using Triplex heterotrimers formed from 
two copies of Tri2 and a single copy of Tri1 (PDB: 5VKU). 
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 In other dsDNA viruses that lack decoration proteins or other auxiliary 

capsid proteins, capsids form extensive interactions between MCP subunits to 

stabilize the capsid shell. In phage T7 the extended E-loop of the mature virion 

MCP binds to the P-domain of an MCP monomer in an adjacent capsomer at the 

threefold axis, and forms extensive contact with the P-domain of an adjacent 

MCP subunit within the same capsomer (Agirrezabala et al., 2007; Guo et al., 

2014). The interaction at the threefold axis functions similarly to the ‘chain mail’ 

linkages seen in phage HK97, though no covalent crosslinks are known to exist 

in the T7 assembly. In phage P22, the extended N-arm of MCP interacts with a 

protruding loop in the P-domain to stabilize the threefold axes throughout the 

capsid shell (Parent et al., 2010). Phage Sf6 MCP forms extensive hydrogen 

bond networks between the MCP E-loop and adjacent MCP subunit P-domains 

in a manner similar to T7. Additionally, the Sf6 N-arm is significantly extended 

compared to other HK97-like phages and faces the outer capsid surface, forming 

stabilizing interactions across the twofold axes of the icosahedral assembly 

(Zhao et al., 2017). Though these mechanisms of capsid stabilization vary widely 

in dsDNA viruses, the interactions described all contribute to stability of the 2-fold 

and 3-fold axes, suggesting that capsomer junctions are critical stabilization 

points within the capsid architecture.  
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Thermophilic bacteriophage P74-26 as a model for viral thermostability 

 For the work presented in this thesis, I use the hyperthermophilic 

bacteriophage P74-26 to elucidate the molecular mechanisms of capsid stability 

and assembly. P74-26 was initially isolated from alkaline hot springs (Yu et al., 

2006) and infects the host bacterium Thermus thermophilus, which has an 

optimal growth temperature of 65-72 ˚C (Oshima and Imahori, 1974). P74-26 

features an isometric capsid head and a tail structure approximately 850 nm in 

length (Figure 1.7A), the longest known virus tail discovered to date (Minakhin et 

al., 2008; Yu et al., 2006).  

 Similar to other tailed phages, P74-26 uses a powerful terminase motor to 

package its genome into preformed procapsid shells, generating immense 

pressure within the capsid interior. However, P74-26 capsids must also contend 

with the added stress of an extreme high-temperature natural environment. This 

provides a unique perspective from which to study viral maturation, and can 

further our understanding of maturation and stability in thermophilic viruses.   

Another key defining feature of P74-26 is its close relation to mesophilic 

Caudoviruses. Thermophilic virus genomes often have little or no homology to 

other viruses annotated in online databases and sometimes represent unique or 

otherwise unclassified viral families (Rice et al., 2001; 2004). This is perhaps due 

to enhanced ‘evolvability’ of thermophilic proteins and complexes, as increased 

stability allows a higher tolerance for mutagenesis. Thus, thermophilic viruses 
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likely have a higher tolerance for sequence divergence compared to potential 

related ancestors, more frequently incorporating potentially destabilizing 

mutations (Bloom et al., 2006; Finch and Kim, 2018; Sterpone and Melchionna, 

2012). Accordingly, thermophilic viruses often have unique capsid morphologies 

that bear little or no resemblance to mesophilic viruses (Rice et al., 2001). 

In contrast to other thermophilic viruses, early proteomics characterization 

of P74-26 and its close relatives identified putative gene functions for 25% of the 

total open reading frames using publicly-available database searches (Minakhin 

et al., 2008). To date, several structural capsid proteins in P74-26 have been 

identified, including the Major Capsid Protein, decoration protein, scaffolding 

protein, portal, tail tube protein, and tail tape measure protein (Figure 1.7B) 

(Minakhin et al., 2008; Stone et al., 2018). Interestingly, several putative gene 

products in P74-26 share sequence homology with mesophilic viral proteins, 

suggesting that P74-26 has a closer relationship to mesophilic viruses than 

typically seen with other extremophiles (Minakhin et al., 2008).  

 The close relationship between P74-26 and several well-characterized 

mesophilic Caudoviruses and Herpesviruses poses a significant advantage in 

determining mechanisms of stability. Comparison of homologous thermophilic 

and mesophilic proteins has proven useful for elucidating stability mechanisms in 

a diverse array of proteins (Kumar et al., 2000; Razvi and Scholtz, 2006), but 

virus capsids have not been extensively studied in such a manner. For the first 

time, this model system allows for the direct comparison of thermophilic and 
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mesophilic virus capsids from which we can elucidate the core principles of 

capsid thermostability. Furthermore, extensive characterization of P74-26 can 

provide insight into evolutionary relationships and help to elucidate common 

ancestral lineages amongst Caudoviruses and other viral families.  

 Due to inherent stability, proteins from thermophilic systems are also 

widely amenable to in vitro studies. Previous work in our lab has demonstrated 

that P74-26 proteins recombinantly expressed in E. coli can be recovered in high 

yield using conventional purification methods (Hilbert et al., 2015; Hilbert et al., 

2017; Stone et al., 2018), providing a robust model for in vitro study.  
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Figure 1.7. Thermophilic bacteriophage P74-26. 
A) Negative-staining electron micrograph of the P74-26 virion. The mature virions 
feature an icosahedral capsid and the longest known virus tails.  
B) SDS-PAGE analysis of purified mature virions reveals the predominant structural 
elements within the capsid assembly.  
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Scope of Thesis 

 Despite a long history of phage and virus structural studies spanning more 

than 70 years, there are only a small number of structures that reveal atomic-

level details of the mechanisms of viral maturation. Furthermore, nearly all of 

these models are of temperate mesophilic viruses, and do little to explain the 

mechanisms driving stability and assembly in viruses that thrive in unique 

environments. This thesis aims to elucidate the molecular mechanisms that 

govern stability and assembly in the thermophilic bacteriophage P74-26 and 

derive a model of capsid thermostability and determine the capsid protein 

subunits and architectures that are critical for virion stabilization.  

In Chapter II, I elucidate the structure of the P74-26 capsid decoration 

protein and characterize its enhanced stability compared to homologous 

mesophilic decoration proteins. This work additionally revealed a conserved ‘β-

tulip’ domain found in several viral structural proteins in both Herpesviruses and 

phage, providing evidence for a common ancestry.  

In Chapter III, I elucidate the 2.8-Å structure of the P74-26 phage capsid 

using single-particle cryo-EM. The atomic structure of the icosahedral capsid 

lattice reveals a complex network of interleaved protein-protein interactions and 

unique architectures that stabilize the mature virion in the thermophile. P74-26 

capsid structure determination also led to the discovery of a novel mechanism for 

enhancing the interior capacity of a capsid shell while conserving a stable T=7 
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capsid geometry. Together, this work illuminates the incredible stability of an 

extremophilic virus and establishes a novel viral platform for future studies of viral 

maturation.  
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CHAPTER II 

 

A hyperthermophilic phage Decoration protein suggests a 
common evolutionary origin with Herpesvirus Triplex 

proteins and an anti-CRISPR protein 
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Preface 

The work presented in this chapter is adapted from a previous publication 

titled “A hyperthermophilic phage Decoration protein suggests common 

evolutionary origin with herpesvirus Triplex proteins and an anti-CRISPR protein” 

published in the journal Structure on July 3, 2018.  

This manuscript was written by Brian Kelch and me, and together we 

designed the experimental plan. I performed equilibrium unfolding assays, 

crystallographic data processing and refinement, model building, and structural 

analysis. Contributing authors Dr. Brendan Hilbert and Daniel Hidalgo performed 

protein crystallization and collected x-ray diffraction data. Dr. Kevin Halloran 

assisted with experimental design and data analysis for equilibrium unfolding 

assays described in the text. Jooyoung Lee performed the Cas9 inhibition assay 

described in the text.   
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Introduction 

Tailed bacteriophage (also known as Caudoviruses) are the most common 

biological entities on Earth (Suttle, 2007; Wommack and Colwell, 2000). 

Caudoviruses assemble viral particles by actively packaging the viral genome 

inside a preformed, self-assembled capsid structure (Catalano, 2005). Because 

the DNA fills the capsid to nearly crystalline density, the pressure inside the 

capsid head is estimated to be extremely high (>6 MPa) (Evilevitch et al., 2004). 

Thus, the capsid structure must withstand high internal strain, in addition to the 

challenges imposed by the fluctuating external environment. 

The capsids of Caudoviruses are primarily comprised of a single major 

capsid protein (MCP) of the HK97 fold, which assembles into an icosahedral 

shell (Aksyuk and Rossmann, 2011; Suhanovsky and Teschke, 2015). The MCP 

subunits interact with each other to build an interdigitated structure with high 

structural integrity. Proper construction of the capsid is directed by the portal ring 

that nucleates self-assembly of MCP, as well as a scaffolding protein that 

chaperones the MCP subunits to ensure the proper size and shape of the shell 

(Lurz et al., 2001; Prevelige and Fane, 2012; Prevelige et al., 1993). The MCP 

protein forms units called capsomers of five or six subunits, termed pentons or 

hexons, respectively. The capsid typically assembles with 11 pentons and a 

variable number of hexons, depending on the triangulation number of the virus 

shell. The capsid structure is altered during genome packaging, causing 

expansion of the shell, loss of the scaffolding protein, and a morphological 
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change from nearly spherical to an icosahedral structure. The icosahedral shell is 

stable against the high internal pressure from the condensed DNA filling the 

capsid interior.  

Many viruses have evolved mechanisms to stabilize the quasi and 

icosahedral three fold axes of the capsid, which are necessary for stabilization of 

the icosahedral shell. For example, the Siphovirus HK97 uses covalent linkages 

at the three-fold axes that form a ‘chain-mail’ to stabilize the capsid structure 

(Wikoff et al., 2000). On the other hand, many viruses instead use auxiliary 

capsid proteins to add structural integrity, in particular the trimeric decoration 

proteins that bind at the three-fold axes of the capsid icosahedron (Sternberg and 

Weisberg, 1977). Decoration proteins (also known as cementing proteins) play 

an important role in capsid stability and assembly. Cryo-electron microscopy 

(cryo-EM) structures reveal that decoration proteins specifically interact with the 

three-fold axis by inserting their N-terminal region into a groove formed by 

neighboring capsomers (Lander et al., 2008). Decoration proteins only bind to the 

expanded, icosahedral capsid because the sites for binding are occluded in the 

smaller, spherical procapsids (Tang et al., 2006). Studies of the Lambda phage 

decoration protein revealed that binding of decoration protein trimers strengthens 

the capsid assembly against both increased temperature and mechanical 

deformation (Gilcrease et al., 2005; Sae-Ueng et al., 2014; Sternberg and 

Weisberg, 1977). However, it is unclear how evolution modulates decoration 
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protein-mediated stabilization. Moreover, it is unclear how decoration proteins 

are related to other proteins found throughout viral and cellular lineages. 

Herpesviruses have a similar mechanism of capsid assembly as tailed 

bacteriophage, which has implied that Herpesviruses evolved from Caudoviruses 

(Rixon and Schmid, 2014). Both classes of viruses use similar DNA packaging 

machinery, with a terminase-class motor and portal complex that acts as both an 

entrance and exit for the viral genome (Bazinet and King, 1985; Hendrix, 1978; 

Hsiao and Black, 1978). Herpesvirus and Caudovirus capsids are primarily 

comprised of a major capsid protein with the HK97 fold (Suhanovsky and 

Teschke, 2015) and direct self-assembly using a similar scaffolding protein (Fane 

and Prevelige, 2003). Herpesvirus particles have trimeric Triplex proteins at the 

three-fold axes of the capsid (Newcomb et al., 1993). Triplex is an attractive 

target for HCMV vaccine development (Choi et al., 2016). The Triplex complex is 

an integral part of both the immature procapsid and the final capsid shell, unlike 

decoration proteins of Caudoviruses (Heymann et al., 2003). Moreover, the 

Triplex proteins are substantially larger and share no significant sequence 

similarity with decoration proteins. Thus, the shared mechanisms of particle 

assembly and evolutionary relationships of these capsid proteins remain unclear. 

Phage structural proteins can be evolutionary sources of proteins that 

perform other functions, particularly phage-host interactions (Basler et al., 2012; 

Fraser et al., 2006; Veesler and Cambillau, 2011). A critical class of proteins that 

modulate phage-host interactions are the Anti-CRISPR proteins, which are 
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encoded by phage and other mobile genetic elements to inhibit the CRISPR/Cas 

(Clustered Regularly Interspersed Short Palindromic Repeats, and CRISPR-

associated system, respectively) adaptive immune system of prokaryotes 

(Borges et al., 2017). Beyond their critical role in the molecular arms race 

between prokaryotes and viruses, Anti-CRISPR (Acr) proteins are important for 

medicine and biotechnology. Anti-CRISPR proteins have been found in bacterial 

mobile elements and have been proposed to increase virulence of these bacterial 

strains (Maxwell, 2016). Acr proteins have been shown to improve 

CRISPR/Cas9-based genome editing by limiting off-target effects (Shin et al., 

2017), as well as converting a CRISPR-associated nuclease into a transcriptional 

repressor (Bondy-Denomy et al., 2015). Despite their importance, the evolution 

of Acr proteins is still largely mysterious. As has been noted previously (Bondy-

Denomy et al., 2013; Pawluk et al., 2016), Acr genes are often encoded near 

viral structural genes, which leads us to hypothesize that some Acr genes may 

have evolved from structural components of viruses.  

Here we investigate phage decoration protein structure, function, and 

evolution using a hyperthermophilic phage. Phage P74-26 is found in hot springs 

and infects Thermus thermophilus bacteria (Yu et al., 2006). P74-26 has the 

longest tail of known viruses (~1 µm) and thrives at 70 ˚C (Minakhin et al., 2008; 

Yu et al., 2006), a temperature at which related mesophilic phage are disabled in 

minutes (Bauer and Evilevitch, 2015). We identify the protein gp87 as the 

decoration protein of P74-26 phage. Our 1.7-Å resolution structure of gp87 
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reveals it has the same fold as the phage Lambda decoration protein, despite a 

lack of sequence similarity. We show that the hyperthermophilic protein is 

substantially more stable than its mesophilic homologs. Furthermore, we identify 

a conserved β-barrel domain of the decoration protein that is found in 

Herpesvirus Triplex proteins and the Anti-CRISPR protein AcrIIC1, suggesting 

that these diverse proteins share a common evolutionary ancestor. Our work 

provides the groundwork for understanding the high stability of thermophilic 

viruses. Moreover, these studies illustrate a deep connection between the capsid 

machinery of tailed bacteriophage and Herpesviruses, and lead to a potential 

mechanism for the evolution of an anti-CRISPR protein.  
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Materials and Methods 

Growth and purification of P74-26 virions 

Phage stocks were prepared using fresh overnight cultures of Thermus 

thermophilus grown at 65 ˚C in Thermus Growth Medium (0.8% (w/v) Tryptone, 

0.4% (w/v) Yeast Extract, 0.3% (w/v) NaCl, 1 mM MgCl2, 0.5 M CaCl2). For 

preparation of P74-26 phage stock, 6 mL of fresh T. thermophilus (OD600 = 1.0) 

was inoculated with 4 mL of purified phage stock at 1x106 Plaque Forming Units 

per mL (PFU/mL) for adsorption. Adsorption reaction mixture was incubated for 

10 minutes at 65 ˚C, then inoculated into 1 L Thermus Growth Medium. The 

culture was then incubated at 65 ˚C, shaking for 4-5 hours, yielding a high-titer 

phage lysate (>1x109 PFU/mL). Lysates were spun at 4,000 x g for 20 minutes at 

4˚ C to remove cell debris, then the supernatant was treated with DNase I and 

RNase A to a final concentration of 2 Units/mL and 1 µg/mL, respectively and 

incubated at 30˚ C for one hour. Solid NaCl was added to the phage stock to a 

final concentration of 1 M while stirring, then culture was incubated on ice for one 

hour and spun at 11,000 x g for 20 minutes at 4 ˚C. To precipitate virions, solid 

PEG-8,000 was added to a final concentration of 10% (w/v) while stirring and 

phage stock was incubated on ice overnight.  

To pellet virions, precipitated phage stock was spun at 11,000 x g for 20 

minutes at 4 ˚C. The phage pellet was then resuspended in 2 mL of 

resuspension buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 1 mM MgS04). 0.4 g 
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solid CsCl was added to resuspension. Phage resuspension was then added to 

CsCl step gradients (five steps: 1.2 g/mL (2 mL), 1.3 g/mL (2 mL), 1.4 g/mL (2 

mL), 1.5 g/mL (2 mL), and 1.7 g/mL (1 mL); made in 50 mM Tris-HCl pH 7.5, 100 

mM NaCl, 1 mM MgS04) prepared in 12 mL ultracentrifuge tubes (Seton 

Scientific). Gradients were spun in Beckman SW-40Ti swinging bucket rotor at 

38,000 RPM for 18 hours at 4 ˚C. P74-26 virions, which sediment at ~1.5 g/mL 

CsCl, were isolated and dialyzed twice overnight at 4 ˚C into 2 L of 50 mM Tris-

HCl pH 8.0, 10 mM NaCl, 10 mM MgCl2.  

 

SDS-PAGE analysis 

30 µL samples of virions (~1x1011 PFU/mL) were run on 12% SDS-PAGE 

gels. Samples were incubated in SDS loading buffer for five minutes at 95 ˚C and 

run on gels at 180V for 45 minutes. Gels were fixed with 50% (v/v) ethanol, 10% 

(v/v) acetic acid and then stained with Coomassie Blue in 5% (v/v) ethanol, 7.5% 

(v/v) acetic acid. Gels were imaged on an Amersham Imager 600 (GE 

Healthcare). Densitometry was performed using ImageJ (Rasband, W.S., 

ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, 

https://imagej.nih.gov/ij/, 1997-2016).  
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Electron microscopy 

CsCl gradient purified virions (~1x1011 PFU/mL) were applied to 400-mesh 

copper grids (Electron Microscopy Sciences) coated in carbon. 3.5 µL samples 

were applied to carbon surface of grid and incubated for 30 seconds, then 

excess sample was removed from grids. Following sample application grids were 

stained with 1% Uranyl Acetate (pH 4.5) and visualized in a Philips CM120 

electron microscope (120kV) fitted with Gatan Orius SC1000 camera. 

Micrographs were collected at a magnification of 19,500X.  

 

Cloning, expression, and purification of gp87 

P74-26 gp87 was synthesized by the Genscript Corporation and 

subcloned into BamHI and XhoI sites of the pSMT3 vector with a cleavable N-

terminal His6-SUMO tag (Yunus and Lima, 2009). Restriction enzymes were 

purchased from New England BioLabs, and oligonucleotide primers were 

obtained from Integrated DNA Technologies. P74-26 gp87 forward primer: 

GATCGGATCCATGGATAAAATTCAACTG; P74-26 gp87 reverse primer: 

GATCCTCGAGTCAGCGCGTGTAGTCAAAGAAATAG.  

P74-26 gp87 was expressed in E. coli BLR-DE3 cells containing the 

pSMT3-gp87 plasmid. Cultures were grown in Terrific Broth supplemented with 

30 µg/mL kanamycin at 37 ˚C to an OD600 of 0.7. Cultures were then incubated at 

4 ˚C for 20 minutes, then overnight expression at 18 ˚C was induced with a final 
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concentration of 1 mM isopropyl-β-d-thiogalactopyranoside (IPTG). Cells were 

then pelleted and resuspended in buffer A (50 mM Tris-HCl pH 7.5, 300 mM KCl, 

20 mM Imidazole, 5 mM 2-mercaptoethanol (βME), 10% (v/v) Glycerol). All 

subsequent purification steps were performed at room temperature. Cells were 

lysed in a cell disruptor and pelleted. Cleared lysate was then applied to 2x5 mL 

His-Trap columns (GE Healthcare) pre-equilibrated in buffer A. P74-26 gp87 was 

then eluted with buffer B (50 mM Tris-HCl pH 7.5, 300 mM KCl, 500 mM 

Imidazole, 5 mM βME, 10% (v/v) Glycerol). Eluate was dialyzed into 50 mM Tris-

HCl pH 7.5, 150 mM KCl, 2 mM DTT and the His-SUMO tag was cleaved with 

Ubiquitin-like Specific Protease 1 (ULP1) overnight. The dialyzed protein was 

passed over a 5mL His-Trap to remove cleaved His-SUMO tag. Cleaved eluate 

was then concentrated to 60 µM, aliquotted and flash frozen in liquid nitrogen, 

then stored at -80 ˚C.  

 

Crystallization, data collection, and structure determination 

P74-26 gp87 native crystals were formed by hanging-drop vapor diffusion 

at 25˚ C. 1mg/mL protein was mixed 1:1 with well solution containing 100 mM 

Tris-HCl pH 7.0, 19.5% (w/v) PEG 3350. Crystals were soaked in cryoprotectant 

(100 mM Tris-HCl pH 7.0, 21% (w/v) PEG 3350) and flash frozen in liquid 

nitrogen prior to data collection. Initial native dataset was collected to 1.9 Å using 

a MicroMax007-HF/Rigaku Saturn 944 CCD detector x-ray diffraction system at 
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wavelength 1.54 Å (home source). Following native dataset collection, the native 

crystal was thawed, soaked in well solution supplemented with 1 M KI for 60 

seconds, and flash frozen again. A KI derivative dataset was then immediately 

collected to 2.3 Å, with anomalous signal extending to 2.8 Å according to 

phenix.xtriage. Using a separate crystal, an additional native dataset was later 

collected to 1.7 Å at Advanced Photon Source beamline 19-BM at wavelength 

0.979 Å. Diffraction datasets were processed using HKL3000 (Otwinowski, 

1997). P74-26 gp87 structure was solved by SAD phasing of the 2.3 Å derivative 

dataset using the iodide anomalous signal with PHENIX autosol (Dauter et al., 

2000; Zwart et al., 2008). 11 iodides were found per monomeric subunit. 

Structure refinement and model building were performed with the programs 

PHENIX (Adams et al., 2010) and COOT (Emsley and Cowtan, 2004). Structure 

was deposited in the Protein Data Bank (www.rcsb.org), PDB code: 6BL5. 

 

Folding and refolding analysis 

P74-26 gp87 stocks at final concentrations of 2.5, 5, 10, or 15 μM were 

prepared in Tris-Buffered Saline, pH 7.5 (Boston BioProducts) and either 7.5M 

guanidine hydrochloride (GdnHCl) or no GdnHCl. These stocks were mixed 

using a Hamilton Microlab 500 series titrator to yield final samples with the 

desired concentration of GdnHCl. GdnHCl concentration of stocks was 

determined using an ABBE Mark II refractometer (Reichert). Fluorescence 
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emission spectra for GdnHCl titrations at 2.5, 5, and 10 μM concentrations of 

gp87 were collected at 25˚ C using a Fluoromax 4 Spectrofluorometer (Horiba 

Scientific). P74-26 gp87 was excited at 295 nm and emission spectra were 

collected from 310 to 400 nm for each sample. To check for hysteresis, we 

measured fluorescence after 24, 48, and 120 hours of incubation at 25 ˚C. No 

significant difference in fluorescence was seen between 24 hours and 120 hours, 

indicating that folding/unfolding reached equilibrium. Circular dichroism (CD) 

spectra of titrations of gp87 at 5 μM and 15 μM final concentrations were 

collected at 25 ˚C using a Jasco-810 spectropolarimeter (Jasco, Inc) equipped 

with a temperature control system. Equilibrium unfolding was monitored from 

215-260 nm. The Trp fluorescence and CD data were globally fit using single-

value decomposition analysis (Simler et al., 2004) to a trimer unfolding to three 

monomers model (N3 ⇌ 3U) across all wavelengths for all spectra collected. Data 

was fit using an in-house least squares fitting program Savuka (Gualfetti et al., 

1999).  

 

SEC-MALS 

P74-26 gp87 was run on tandem size exclusion chromatography – multi-

angle light scattering (SEC-MALS) by injecting a 100 μL sample at a 

concentration of 1 mg/mL (~60 µM) in 50 mM Tris-HCl pH 7.5, 150 mM KCl, 2 

mM DTT. Protein was filtered through a 0.2 µM syringe filter. Elution was 
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monitored using a Dawn Heleos-II MALS detector and Optilab T-rex differential 

refractive index detector (Wyatt Technology). Elution peaks were selected and 

molar mass was determined using the ASTRA6 analysis program (Wyatt 

Technology). The peak for the gp87 trimer eluted after 10 minutes at a 

concentration of ~20 µM as measured by refractive index and absorbance.  

 

Structural analysis 

 Homology searches using both full-length P74-26 gp87 and the β-tulip 

domain alone were performed using NCBI BLAST, DALI protein structure 

comparison server, and NCBI Vector Alignment Search Tool (VAST) (Holm and 

Rosenström, 2010; Madej et al., 2014). Structure-based sequence alignment 

between P74-26 gp87 and Lambda gpD was performed using the PDBeFold 

program (EMBL-EBI - www.ebi.ac.uk/msd-srv/ssm/). Multiple sequence 

alignments with homologous proteins were performed using the Clustal Omega 

program (EMBL-EBI - www.ebi.ac.uk/Tools/msa/clustalo/). Cα RMSD and Z-score 

calculations for full-length protein and β-Tulip domain alignments were 

determined using PDBeFold. Surface area calculations for gp87, gpD, and SHP 

were performed using the program InterProSurf (http://curie.utmb.edu/prosurf). 

ILVF cluster analysis of hydrophobic networks gp87 and gpD was performed 

using the program BASiC Networks 

(http://biotools.umassmed.edu/ccss/ccssv2/basic.cgi). 
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NmeCas9 inhibition assay 

Purification of NmeCas9 and anti-CRISPR proteins is as described in 

Pawluk et al. (Pawluk et al., 2016). NmeCas9 sgRNA targeting N-TS4B (Amrani 

et al., bioRxiv, 2017) was generated by in vitro T7 transcription (Epicentre). In 

vitro cleavage assay was performed as previously described (Pawluk et al., 

2016). Briefly, NmeCas9 (50 nM) was pre-incubated with anti-CRISPR or gp87 

protein in reaction buffer (20 mM HEPES-KOH pH 7.5, 150 mM KCl, 1 mM DTT, 

and 5 mM MgCl2) for 10 minutes at room temperature. Next, in vitro T7 

transcribed sgRNA (75 nM) was added to the mixture and incubated for another 

20 minutes. pUC19 plasmid containing the target site N-TS4B was linearized by 

Sca I digestion. The linearized plasmid was added at ~1 nM final concentration. 

The reactions were incubated at 37 ˚C for 1 hour, treated with proteinase K at 50 

˚C for 10 minutes, and visualized after electrophoresis in a 1% agarose/TAE gel. 
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Results 

Major components of P74-26 virions 

We purified P74-26 virions from infections of Thermus thermophilus strain 

HB8 using a combination of PEG precipitation and gradient centrifugation. The 

P74-26 virions consist of an icosahedral capsid ~80 nm in diameter and long, 

non-contractile tails exceeding 800 nm in length (Figure 2.1A). 

To determine whether the P74-26 capsid is stabilized by covalent 

interactions (as in the phage HK97 (Duda, 1998; Wikoff et al., 2000)), we 

analyzed the proteome of P74-26 virions by SDS-PAGE. The major capsid 

protein migrates on SDS-PAGE at its expected molecular weight (46.6 kDa), 

similar to results obtained previously (Figure 2.1B)(Minakhin et al., 2008). This 

result is in contrast to phage HK97, whose MCPs are linked covalently and run 

on SDS-PAGE as a smear at very high molecular weight (Duda, 1998). Thus, we 

conclude that the P74-26 capsid is stabilized by non-covalent interactions.  

We hypothesized that P74-26 capsids are stabilized by decoration 

proteins. Our SDS-PAGE analysis reveals other major components of the virions: 

the tail tube protein (gp93; 37.9 kDa; the tape measure protein (gp95; 550 kDa) 

and gp87 (16.3 kDa), whose function in the virion is unknown. Based on size, 

abundance, and gene location, we hypothesize that gp87 acts as a decoration 

protein. gp87 is similar in size to known decoration proteins gpD and SHP from 

phages Lambda and P21, respectively (~12 kDa for both). Moreover, the relative 
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Figure 2.1. P74-26 gp87 is a thermophilic capsid decoration protein.   
A) Negative-stain electron micrograph of purified P74-26 virion; scale bar, 100 nm.  
B) SDS-PAGE analysis of P74-26 virions reveals major structural components including 
gp87, gp88 (major capsid protein), gp93 (tail protein), and gp95 (tape measure protein).  
C & D) 1.7-Å resolution structure of P74-26 gp87 with the five-stranded β-tulip domain 
highlighted in dark blue.   
E) Structure-based alignment of P74-26 gp87 (β-tulip domain in blue) and Lambda 
decoration protein gpD (grey, β-tulip domain in red, PDB: 1C5E) reveals significant 
structural homology despite high sequence variance. 
F) Topology diagrams of P74-26 gp87 and Lambda gpD reveal conserved architecture 
of β-tulip domain flanked by a small mixed α/β domain.  
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Table 2.1. P74-26 gp87 data collection and refinement statistics 
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abundance of gp87 is close to that expected for a decoration protein (318 ± 6 

copies per virion by gel band densitometry). Finally, the genes encoding 

decoration proteins and MCPs are usually proximal to each other (Casjens, 

2005; Hatfull, 2008); the P74-26 MCP is encoded by gene 88, adjacent to gene 

87.  

 

P74-26 gp87 structure reveals similarity to phage decoration proteins 

To test whether gp87 is a decoration protein, we determined its atomic 

structure by x-ray crystallography. Purified recombinant P74-26 gp87 readily 

crystallized. We solved the structure to 2.3-Å resolution by single-wavelength 

anomalous dispersion (SAD) using iodide ions soaked into the crystals, and 

phases subsequently were extended to a 1.7-Å resolution native dataset (Table 

1; Figure 2.1C,D). The structure reveals a core domain comprised of a five-

stranded anti-parallel β-barrel, followed by a mixed α/β subdomain. According to 

the nomenclature for beta-strand topology (Richardson, 1981), the barrel has a 

topology of (+3, +1, -2, -1) (Figure 2.1F). An α-helical linker connects strands 3 

and 4. One end of the β-barrel is flared open, while the other is capped with 

loops, such that the domain resembles a tulip. We refer to the domain as a β-tulip 

due to this resemblance (Figure 2.2A). The smaller C-terminal domain consists of 

a three-stranded anti-parallel β-sheet capped by an α-helix and extended loop 

structure. The N-terminal 16 amino acids are not visible in the structure, most  
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Figure 2.2. Interactions of the decoration protein for capsid stabilization.  
A) Model of decoration protein trimer highlighting positions of the β-tulip domains (blue) 
within the assembly. 
B) P74-26 gp87 trimer highlights difference in trimer assembly characterized by a ~20˚ 
outward rotation of each of the gp87 trimer subunits. The N-terminal capsid binding 
region of both crystal structures is disordered, and is drawn as proportional dotted lines 
in A and B. 
C) Structure of the Lambda gpD trimer shows the orientation of gpD from the top of the 
capsid (left) and rotated 90˚ to the side (right). 
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likely due to disorder. The crystal packing reveals a trimer of gp87 proteins 

arranged in a ‘head-to-tail’ fashion (Figure 2.2B). The ‘bloom’ end of the tulip is 

interacting with the mixed α/β-domain of a neighbor, primarily through 

hydrophobic interactions. β-tulip residues F27, L29, F31, I80, and L99 form an 

intermolecular hydrophobic cluster with the C-terminal domain residues I135 and 

F140 in the neighboring subunit. 

The structure and assembly of P74-26 gp87 is very similar to that 

observed for other well-known decoration proteins. The gp87 protein exhibits the 

same fold as the gpD protein from phage Lambda and the SHP protein from 

lamboid phage P21 (Forrer et al., 2004; Yang et al., 2000) (Figure 2.1E,F; Figure 

2.3A,B). Both gpD and SHP contain an N-terminal β-tulip domain and a C-

terminal mixed α/β subdomain (Cα RMSD compared to gp87 is 2.3 Å and 2.5 Å, 

respectively). The similarity between the β-tulip domains of gp87 and gpD is 

particularly high (Cα RMSD = 2.1 Å; Table 2). Moreover, all three proteins have 

an N-terminal region that is disordered in the crystal structures (16, 14, and 11 

residues for gp87, gpD, and SHP, respectively). The C-terminal domains have an 

overall similar fold (strand-loop-helix-strand). In gpD and SHP, the two β-strands 

of the C-terminal subdomain form a parallel β-sheet, whereas gp87 has an 

insertion of an extra β-strand that results in the formation of an anti-parallel three-

stranded β-sheet (Figure 2.3C,D). Thus, the fold of gp87 is nearly identical to that 

of gpD and SHP.   
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The decoration proteins gpD and SHP also crystallized as trimers, with a 

similar (but not identical) arrangement around the three-fold axis of the trimer as 

in gp87 (Figure 2.2B, 2.2C). The trimerization interface is comprised of the core 

β-tulip domain of one subunit contacting the C-terminal domain of an adjacent 

subunit. This arrangement places the unstructured N-terminal region of each 

subunit at the ‘bottom’ of the trimer such that it can attach to the capsid shell 

(Lander et al., 2008). Thus, the similarities in both tertiary and quaternary 

structure, and its high abundance in the virion lead us to conclude that gp87 is a 

decoration protein. The close structural and functional similarity is notable 

despite the low sequence homology between the thermophilic gp87 and its 

mesophilic cousins (~9% sequence identity) (Figure 2.3E). 

Despite the lack of clear sequence similarity, we detect several residues 

that are conserved across decoration proteins. We built a structure-based 

sequence alignment of phage decoration proteins to identify any trends in 

conservation of residues throughout decoration proteins. We identify only 7 

residues that are largely conserved across known homologs (Figure 2.3E). We 

note two conserved residues (Asp 66 and Glu 83 in Lambda gpD) poised near 

the capsid binding surface of the decoration protein that may play a role in 

stabilizing the capsid when gpD is bound to the virion. Future studies will 

determine whether these putative interactions are important for stabilizing the 

capsid assembly. 
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Figure 2.3. P74-26 gp87 has significant similarity to decoration protein SHP. 
A) Iodide ion binding positions are shown mapped onto 1.7-Å structure of P74-26 gp87 
(iodides in grey).  
B) Structural alignment of gp87 (β-tulip in blue) with the decoration protein SHP from 
phage P21 (white, β-tulip in red, PDB: 1TD3).  
C) Topology diagram of the P21 decoration protein SHP. 
D) Structural alignment of P74-26 gp87 (blue) with Lambda gpD (grey) highlighting 
additional strand in gp87 (red) forming an antiparallel β-sheet in the C-terminal domain.  
E) Structure-based multiple sequence alignment of thermophilic and mesophilic 
decoration proteins reveals conserved residues. Thermophilic and mesophilic decoration 
proteins are color coded red and blue, respectively. 
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Table 2.2. Cα RMSD comparison of β-tulip domains. RMSD values reported in Å; 
Naln = number of residues aligned for each comparison. 
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P74-26 gp87 is more stable than mesophilic homologs 

We investigated whether the thermophilic decoration protein is more 

stable than its mesophilic counterparts. We first investigated whether gp87 forms 

a stable quaternary assembly in solution using size-exclusion 

chromatography/multi-angle light scattering (SEC-MALS). We find that gp87 is a 

stable trimer in solution at ~20 μM, with a measured molecular mass of 53 kDa 

(actual molecular mass of trimer is 49 kDa) (Figure 2.4A). This result contrasts 

with Lambda gpD, which is monomeric in solution even up to millimolar 

concentrations under similar solvent conditions (Imber et al., 1980; Yang et al., 

2000). However, gpD crystallized as a trimer. Thus, P74-26 gp87 forms a more 

stable trimer than Lambda gpD.  

 We investigated the stability of the trimer by guanidine hydrochloride 

(GdnHCl)-induced unfolding, using both circular dichroism (CD) and tryptophan 

fluorescence spectroscopies (Figure 2.5). We measured unfolding across a 

range of protein concentrations (2.5 to 15 µM) to determine if trimerization is 

coupled with unfolding. Our CD and fluorescence data match each other quite 

well across all measured protein concentrations, with no hysteresis. We observe 

a single, sharp, and reversible transition between 3 M and 4 M GdnHCl with a 

midpoint of approximately 3.6 M GdnHCl (Figure 2.4B). In contrast, the midpoint 

of the Lambda gpD and P21 SHP unfolding curves are at 1.4 M and 1.1 M 

GdnHCl, respectively (Forrer et al., 2004), indicating that gp87 trimer is 

substantially more stable than its mesophilic homologs. The data from the CD 
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and fluorescence experiments were globally fit to a trimer to three unfolded 

monomers model (N3 ⇌ 3U). Our attempts to fit the data to a three-state model 

failed to converge on a reasonable solution, indicating that trimer dissociation is 

coupled to unfolding. The estimated stability of the trimer was found to be 42.1 ± 

1.3   kcal (mol trimer)-1 with a denaturant dependence of 7.8 ± 0.4 kcal (mol 

trimer)-1 M-1.  In contrast, the stability estimated for the gpD monomer is ~5.2 kcal 

(mol)-1. 

 

Similarities between Herpesvirus Triplex and phage decoration proteins 

Our finding that the decoration protein fold is specified with very low 

sequence conservation led us to investigate whether this fold is found in other 

proteins, but has been overlooked by classical comparative genomics 

approaches. We first investigated whether this ancient fold may be found in the 

Herpesviruses, because Herpesviruses are thought to be direct descendants of 

tailed bacteriophage (Baines and Weller, 2005; Chen et al., 2011; Duda et al., 

2013; Rixon and Schmid, 2014; Selvarajan Sigamani et al., 2013; ). We focused 

on the Triplex complex of Herpesviruses, because both Triplex and phage 

decoration proteins are capsid components that bind and stabilize the three-fold 

axes of the capsid (Lander et al., 2008; Yu et al., 2017). Thus, we hypothesized 

that the Triplex proteins and phage decoration proteins may share an 

evolutionary origin. 
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Figure 2.4. Thermophilic decoration protein has enhanced stability compared to 
mesophilic homologs. 
A) P74-26 gp87 forms a stable trimer in solution as determined by size exclusion 
chromatography-multi angle light scattering (SEC-MALS). Predicted molecular mass: 49 
kDa, measured molecular mass: 52 kDa.  
B) Representative equilibrium fraction unfolding curve of P74-26 gp87 at 5 μM shows a 
steep unfolding transition from 3 M to 4 M GdnHCl; excitation = 295 nm, emission = 325 
nm. The solid line represents the global fit to a model of trimer to three unfolded 
monomers. Blue arrow indicates the comparable transition midpoint of Lambda gpD 
unfolding. 
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We find that core β-tulip domain of phage decoration proteins is 

structurally similar to the core trimerization region of the Triplex proteins (Figure 

2.6A,B). The Triplex complex is a heterotrimer consisting of one copy of Tri1 and 

two copies of the Tri2 protein. Both Tri1 and Tri2 contain a cryptic β-tulip domain 

centrally located in their structure. In both cases, the β-tulip domains are 

discontinuous, with large insertions in loops between strands of the tulip (Figure 

2.6C). The β-tulip domains of Tri1 and Tri2 have the same basic size, shape, and 

topology as β-tulip domains of phage decoration proteins (Cα RMSD = 2.4 and 

2.2, respectively compared to gp87; Figure 2.6A-C; Table 2). The β-tulip region is 

the only region of obvious structural similarity between Tri1, Tri2, and decoration 

proteins. In all three subunits of the Triplex trimer, the tulip domains participate in 

the primary trimerization interface (Figure 2.6D). Moreover, the Triplex β-tulip 

domains are arranged roughly parallel to the capsid shell, with the bloom end of 

the tulip as an interaction surface, similar to the phage decoration proteins. The 

N-terminal regions of Triplex proteins are pointed toward the capsid surface and 

make key interactions with the HK97 fold of MCP (Yu et al., 2017), in an 

analogous manner as phage decoration proteins. Both Tri1 and Tri2 contain a 

helical region inserted in between strands 3 and 4 of the β-tulip domain. This 

helical region is substantially larger in Tri2, which forms a ‘bracing arm’ that 

tightly dimerizes the two Tri2 proteins. Insertion of helical regions is common 

between strands 3 and 4 of the β-tulip domain, as seen in P74-26 gp87 and other 

β-tulip proteins (see below).  These similarities in tertiary and quaternary 
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structure suggest a shared evolutionary history between the phage decoration 

proteins and the Triplex proteins of Herpesviruses.  

  

β-tulip domains are general protein-protein interaction motifs enriched in 

viruses 

We sought to determine if other proteins contain β-tulip domains. 

Unsurprisingly, sequence similarity search algorithms such as PSI-Blast (Altschul 

et al., 1997) found no significant homologs outside of decoration proteins or 

Triplex proteins. Because the β-tulip domain does not appear to be associated 

with a specific sequence motif, we searched for similar structures in the protein 

structure database using the programs DALI and VAST (Holm and Rosenström, 

2010; Madej et al., 2014). Interestingly, β-tulip domains were identified in three 

seemingly unrelated proteins: 1) the anti-CRISPR protein AcrIIC1, 2) the tailspike 

protein gp12 of phage Φ29, and 3) the molybdenum metabolizing protein MoeA. 

The anti-CRISPR protein AcrIIC1 consists of a single β-tulip with a small 

α-helical insertion (Figure 2.7A,B). This small protein is a broad spectrum Cas9 

inhibitor and binds directly to the Cas9 HNH nuclease active site, preventing 

DNA cleavage (Harrington et al., 2017). Despite lacking any discernible 

sequence similarity, the β-tulip of AcrIIC1 is structurally very similar to that of 

P74-26 gp87, with a Cα RMSD of 2.6 Å (Figure 2.7A; Table 2). The β-tulip  
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Figure 2.5. Equilibrium unfolding of P74-26 gp87. 
A) Equilibrium unfolding of gp87 at monomer concentrations of 10 μM (red), 5 μM 
(black), and 2.5 μM (cyan) was monitored by tryptophan fluorescence; excitation 295 
nm, emission 325 nm.  
B) Equilibrium unfolding of gp87 at monomer concentrations of 5 μM (black) and 15 μM 
(red) monitored by circular dichroism at 234 nm. Solid lines represent the fit to a model 
of trimer to three unfolded monomers.   
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domains of both AcrIIC1 and gp87 contain a helical linker that connects strands 3 

and 4 of the tulip. Unlike other β-tulip domains, AcrIIC1 is monomeric and 

interacts with its partner (Cas9) through the ‘stem’ end of the β-tulip (Figure 

2.7C). Despite significant structure conservation between gp87 and AcrIIC1, 

gp87 does not inhibit NmeCas9 cleavage in vitro (Figure 2.8). 

The Φ29 tailspike protein gp12 uses its tandem β-tulip domains (termed 

the D4 region) to direct assembly of the tailspike trimer (Xiang et al., 2009). 

Recently, Rossmann and colleagues described structural homology between the 

C-terminal portion of gp12 and the decoration protein gp56 from the marine 

siphovirus TW1 (Wang et al., 2017). The TW1 decoration protein contains N- and 

C-terminal β-tulip domains with significant structural similarity to other β-tulip 

containing proteins (Figure 2.9E-H, Table 2). Our structural comparison of gp12 

with the decoration protein from P74-26 revealed that the D4 region of gp12 

consists of two consecutive β-tulip domains forming intramolecular contacts in a 

bloom-to-stem fashion (Figure 2.9A-D). This arrangement is echoed in the 

quaternary structure, as the bloom end of the C-terminal β-tulip domain interacts 

with the stem end of the N-terminal tulip in the adjacent subunit of the trimer 

(Figure 2.9D). The N-terminal β-tulip domain has a small β-hairpin inserted 

between strands 4 and 5, which projects outward away from the ring of tulips. 

The molybdenum biosynthetic enzyme MoeA contains a C-terminal β-tulip 

domain that aids in oligomerization of MoeA (Schrag et al., 2001). As often found 
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in other β-tulip domains, the MoeA tulip contains a short α-helical linker between 

strands 3 and 4.  
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Discussion 

Increased stability of a thermophilic decoration protein 

P74-26 is a thermophilic virus found in hot springs between 60-75 ˚C. We 

sought to determine how the P74-26 virion maintains stability under these harsh 

conditions. We find that the P74-26 capsid is not stabilized by covalent cross-

links, unlike HK97 phage that stabilizes the capsid through ‘covalent chainmail’ of 

the major capsid protein (Wikoff et al., 2000). Instead we hypothesize that gp87 

acts as a decoration or ‘cementing’ protein to stabilize the capsid. gp87 is 

present in the virion with a stoichiometry expected for a decoration protein, and 

adopts similar tertiary and quaternary structure as mesophilic decoration 

proteins. Despite the similar structure and function, gp87 is widely divergent at 

the sequence level from other known decoration proteins. The low sequence 

homology may preclude identification of decoration proteins using classical 

comparative genomics approaches; structural and/or biochemical analyses may 

be necessary for proper annotation.  

Our structural and biochemical characterization of gp87 provides insight 

into the mechanisms of capsid stabilization. Phage P74-26 thrives at 70˚ C, a 

temperature at which phage Lambda disassembles readily (t1/2 ~5 min)(Bauer 

and Evilevitch, 2015). The P74-26 decoration protein is more stable than its 

mesophilic counterpart, gpD (Figure 2.4B; (Forrer et al., 2004)). Furthermore, 

isolated gp87 is a stable trimer in solution with a stability of 42.1 ± 1.3 kcal (mol  
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Figure 2.6. Structural similarity of phage decoration protein trimers and HCMV 
Triplex proteins. 
A & B) The P74-26 gp87 β-tulip domain (blue) is similar to central domain of HCMV Tri 1 
(A) and Tri 2 (B) proteins (grey β-Tulip domains in red, PDB: 5VKU).  
C) Central domain of HCMV Tri 1 and Tri2 has conserved β-tulip topology. 
D) HCMV Triplex proteins form an asymmetric trimer consisting of two molecules of tri2 
(blue) and one molecule of tri1 (purple).   
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trimer)-1, whereas gpD is monomeric in solution. Because our unfolding data 

show that gp87 unfolds in a single transition, we hypothesize that dissociation of 

the trimer and unfolding of monomers are tightly linked. Thus, we propose that 

gp87 has increased stability due to both tertiary and quaternary interactions. 

Our analysis of the gp87 crystal structure reveals the likely mechanism for 

gp87 stabilization. Each subunit in the P74-26 decoration protein is larger, 

burying more hydrophobic surface within each protein’s core as compared to the 

decoration proteins from phages Lambda and P21 (4470 Å2, 3382 Å2, and 3828 

Å2 for gp87, gpD, and SHP, respectively)) (Forrer et al., 2004). In particular, gp87 

displays larger clusters of hydrophobic residues (I, L, V, and F) than gpD (Figure 

2.10A-C). ILVF clusters have recently been hypothesized to be key determinants 

of folding and stability (Kathuria et al., 2016). The larger ILVF clusters in gp87 

may increase the intrinsic stability of each subunit of the trimer. The ILVF clusters 

are more extensive in thermophilic gp87 than in mesophilic gpD. A gpD trimer 

contains six ILVF clusters, two per subunit. In contrast, a gp87 trimer has 9 ILVF 

clusters, three of which span from the β-tulip domain of one subunit to the C-

terminal domain of the adjacent subunit (Figure 2.10A,B). Our structure also 

indicates that the interfacial interactions between decoration subunits increases 

stability of the complex. The interfaces of the trimeric assembly bury greater 

surface area in gp87 than SHP or gpD. The greater buried surface area is 

expected to afford greater stabilization of the trimer. Tighter interactions between 



77 

 

subunits will link trimerization to the unfolding of decoration protein. Indeed, our 

unfolding data exhibit a single transition, supporting this model.  

The gp87 structure also reveals insights into how the decoration protein 

interacts with the capsid to stabilize the overall assembly. The N-terminal region 

of decoration proteins is known to interact directly with MCP, forming an 

extended beta-sheet across the HK97-fold E-loop (Lander et al., 2008). This 

structuring of the N-terminal region creates struts that stabilize the three-fold 

axes in the icosahedral shell. The N-terminal region of gp87 is substantially 

longer than those of mesophilic gpD and SHP (27, 19, and 21 residues long, 

respectively). The longer arm could provide a stronger foothold for the trimer into 

the capsid structure, stabilizing the three-fold axes. Moreover, the globular 

domains of gp87 are larger than those of its mesophilic cousins, which could 

allow more interaction surface between the core trimer and the MCP shell. 

Furthermore, we observe that the orientation of the gp87 subunit is different than 

observed for gpD and SHP, with each subunit rotated downward (toward the 

capsid shell) by ~20˚. The altered orientation could place the globular domains of 

gp87 in closer contact with the capsid shell to afford tighter contacts and greater 

stabilization. Finally, we identified several residues that are conserved across the 

known decoration proteins and we note that several of these residues appear to 

be poised to interact directly with the capsid shell. Interestingly, the two prime 

candidate residues for MCP interactions appear to interact directly with the 

capsid in cryo-EM structures of Lambda phage (Lander 
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Figure 2.7. β-tulip domain suggests evolution of anti-CRISPR proteins from phage 
structural proteins. 
A) Structural alignment of P74-26 gp87 β-tulip domain (blue) with the anti-CRISPR 
protein AcrIIC1 (β-tulip in red, PDB: 5VGB).  
B) Topology diagram of AcrIIC1 reveals conserved β-tulip domain architecture. 
C) Cas9 binds stem side of the AcrIIC1 β-tulip domain rather than the bloom side. 
D) Decoration protein trimers form interactions with neighboring subunits through the 
‘bloom’ end of the β-tulip domain, leaving the ‘stem’ end exposed. Anti-CRISPR AcrIIC1 
binds to the Cas9 HNH domain through the stem end of the β-tulip domain and may 
have evolved from a bifunctional phage decoration protein.  
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 et al., 2008). Further structural and biochemical analyses will be necessary to 

uncover whether these interactions are important for stabilization of the capsid 

shell.  

 

Evolutionary relationship of Herpesvirus Triplex proteins and phage 

decoration proteins 

Our analysis reveals that the β-tulip domain of decoration proteins is 

structurally and functionally conserved in Herpesvirus Triplex proteins. Although 

there is only 10% and 18% sequence identity between the β-tulips of P74-26 

gp87 with HCMV Tri1 and Tri2, their similarities deepen our understanding of the 

evolutionary linkage between these two classes of viruses. The structures of the 

β-tulip domains are similar, with the same arrangement of β-strands in the tulip. 

Both decoration protein and Triplex β-tulip domains participate in trimerization, in 

each case with the ‘bloom’ side positioned at the interface. Additionally, the β-

tulip domains arrange themselves in a similar manner. Both decoration proteins 

and Triplex complexes position themselves at the three-fold axes of the capsid 

icosahedron. In all cases, the C-terminal regions are pointed away from the 

capsid shell and the N-terminal region binds to the capsid surface, with direct 

interactions with the E-loop of the MCP HK97 fold (Lander et al., 2008; Yu et al., 

2017). Moreover, even the variable regions appear to have significant similarities. 

For example, gp87, Tri1, and Tri2 have a helical region inserted between strands 
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3 and 4 of the β-tulip domain. In summary, the combined structural and 

organizational similarities illustrate the shared evolutionary history of Herpesvirus 

Triplex and phage decoration proteins.   

For the past decade or more, evidence of the shared evolutionary history 

of Herpesviruses and Caudoviruses has accumulated (Rixon and Schmid, 2014). 

In particular, the MCPs share the HK97 fold, although those of Herpesviruses 

have complicated elaborations (Suhanovsky and Teschke, 2015; Wikoff et al., 

2000). Both virus families also direct the assembly of the capsid using a 

scaffolding protein that is part of procapsid but not found in the infectious particle 

(Fane and Prevelige, 2003; Johnson, 2010). Furthermore, the genome packaging 

machinery and mechanism is largely conserved between the two classes of 

viruses (Bazinet and King, 1985; Hendrix, 1978; Hsiao and Black, 1978). Here 

we add to the similarities of these different classes of viruses, showing that the 

decoration proteins share an evolutionary history as well. Thus, the major genes 

involved in virus structure and assembly are conserved throughout Caudoviruses 

and Herpesviruses.  

While a shared evolutionary history may imply mechanistic similarities 

between decoration and Triplex proteins, there are substantial differences. First, 

the Triplex proteins are not three-fold symmetric as in phage decoration proteins 

(Figure 2.2A; Figure 2.6D); the two Tri2 subunits grip each other in a tight 

embrace, while the Tri1 protein makes less extensive contact (Yu et al., 2017). 

The heterotrimeric nature of the Triplex complex has been hypothesized to allow  
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Figure 2.8. gp87 does not inhibit DNA cleavage by NmeCas9 in vitro. 
Linearized plasmid DNA bearing a protospacer (target) next to a PAM sequence was 
subjected to in vitro cleavage by purified NmeCas9. NmeCas9 was pre-incubated with 
purified anti-CRISPR proteins AcrIIC1

Nme
 and AcrE2 as a positive and negative control, 

respectively. Molar ratios of anti-CRISPR protein or gp87 relative to NmeCas9 are 
shown at the top of each lane. Input DNA and cleaved products are indicated with 
arrows on the right. The NmeCas9 cleavage assays shown are representative of three 
independent replicates.  
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each subunit in the complex to adopt a different role in capsid assembly (Saad et 

al., 1999). Decoration proteins attach to the capsid late in the assembly process 

after capsid expansion (Casjens and Hendrix, 1974; Dokland and Murialdo, 

1993), while the Triplex proteins bind the procapsid early in assembly before 

DNA is packaged and stay bound throughout all stages of virus particle assembly 

(Trus et al., 1996). This difference in assembly may reflect the fact that the 

Triplex proteins embed between MCP capsomers and are an integral part of the 

capsid surface (Yu et al., 2017). This difference could be explained by the fact 

that the decoration proteins’ interactions with capsid components are less 

extensive and the decoration protein binding site is only accessible after capsid 

expansion (Lander et al., 2008; Tang et al., 2006).  

The shared evolutionary history suggests that Triplex proteins evolved 

from phage decoration proteins and, over the course of time, acquired a more 

integral role in capsid structure. As the Triplex formed the basis for the three-fold 

axes in Herpesvirus procapsids and capsids, additional domains were inserted 

into loops between strands of the β-tulip fold. We note that MCP also underwent 

domain insertions within loops of the HK97 fold during the course of evolution, 

suggesting a common mechanism for elaboration of the basic folds found in viral 

capsids. We also note that the Triplex’s role as a necessary component of the 

procapsid required evolution of a separate mechanism for strengthening the 

capsid against the internal pressure of packaged DNA. In Herpes Simplex Virus 

1, this is achieved by the protein UL25 (Sae-Ueng et al., 2014; Snijder et al., 
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2017), which binds the penton vertices of the capsid. In the herpesvirus KSHV, 

the SCP protein cross-links MCP subunits within hexons (Dai et al., 2015).  

 

Evolutionary origin of an anti-CRISPR protein 

The anti-CRISPR protein AcrIIC1 is a broad-spectrum inhibitor of Cas9 

nuclease activity. AcrIIC1 binds directly to the HNH nuclease domain of Cas9, 

preventing target cleavage (Harrington et al., 2017; Pawluk et al., 2016). Anti-

CRISPR inhibitors of Cas9 have found use in biotechnology applications to 

decrease off-target DNA cleavage (Shin et al., 2017). Despite the importance of 

anti-CRISPR proteins, their evolution has remained mysterious (Pawluk et al., 

2017).  

Our discovery of the structural similarity of AcrIIC1 and phage decoration 

proteins suggests a shared evolutionary ancestor. AcrIIC1 consists primarily of a 

β-tulip fold with a strong structural similarity to the β-tulip domain of gp87 (Cα 

RMSD = 2.6 Å, Figure 2.7A; Table 2). Much like other β-tulips, AcrIIC1 contains a 

small helical insert between strands 3 and 4. However, we detect no significant 

sequence homology between AcrIIC1 and gp87 (6% sequence identity). This is 

not unexpected because the decoration proteins of Lambda and P74-26 phage 

share very little conservation, despite conserved function. Given the low 

sequence homology between β-tulip containing proteins, structure homology is 

much more useful than sequence similarity in identifying protein ancestry.  
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Figure 2.9. Conservation of the β-tulip domain in the decoration protein gp56 from 
the marine siphovirus TW1 and phage tail spike proteins. 
A) Structure-based alignment of P74-26 gp87 β-tulip domain (blue) with the N-terminal 
β-tulip domain (red) of the D4 domain of Phi29 tail spike protein gp12.  
B) Alignment of P74-26 gp87 β-tulip domain with the C-terminal β-tulip domain of gp12.  
C) Topology diagram of Phi29 gp12 shows the orientation of the tandem β-tulip domains.  
D) Model of the head-to-tail β-tulip domain orientation in gp12. 
E) Structure-based alignment of gp87 β-tulip domain (blue) with the N-terminal β-tulip 
domain from TW1 gp56 (red). 
F) Structure-based alignment of gp87 β-tulip domain (blue) with the C-terminal β-tulip 
domain from TW1 gp56 (red). 
G) Topology diagram of TW1 gp56 shows the orientation of the tandem β-tulip domains.  
H) Model of the β-tulip domain orientation in TW1 gp56.  
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Our findings suggest shared ancestry between AcrIIC1 and phage 

decoration proteins, but do not clarify which preceded the other. Although it is 

formally possible that AcrIIC1 is the evolutionary origin for phage decoration 

proteins, we find it more likely that phage decoration proteins predated the 

evolution of AcrIIC1. AcrIIC1 uses the stem side of its β-tulip domain to bind the 

Cas9 HNH domain (Harrington et al., 2017), in contrast to other β-tulip proteins 

that interact primarily through the ‘bloom’ side (Figure 2.7C). Thus, interaction 

with the Cas9 HNH nuclease could have evolved in a decoration protein without 

disrupting its central trimerization role. Gene duplication would then allow this 

putative bi-functional protein to specialize for each individual function (Figure 

2.7D). One hurdle for this evolutionary pathway is that Acr proteins must act 

quickly upon phage infection to prevent CRISPR-mediated genome cleavage. 

However, decoration proteins are typically expressed late in infection (White et 

al., 2012) and typically remain outside the cell upon infection. How a decoration 

protein could be present during early stages of phage infection is not clear, 

although these proteins could be packaged with the genome and injected into the 

host cell, as is found for many phage proteins (Falco et al., 1977; Mullaney and 

Black, 2014; Strauss and King, 1984; Zhao et al., 2016). Alternatively, we 

propose that AcrIIC1 could have evolved in the context of a prophage, where the 

Cas9 inhibitory effect could have evolved for gene regulation or other functions 

(Bondy-Denomy et al., 2015).  
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The evolution of Anti-CRISPR proteins has been mysterious. There are 

currently over twenty unique families of Acr proteins that have been reported 

(Pawluk et al., 2017). These proteins are often small (50-150 residues) and have 

no clear sequence or structural features in common. Moreover, the mechanisms 

of Acr inhibition are diverse (Bondy-Denomy et al., 2015). Because of their 

remarkable diversity and small size, Acr proteins have been proposed to evolve 

de novo from small open reading frames (Pawluk et al., 2017). Here we show 

that the AcrIIC1 protein most likely evolved from the phage decoration protein 

fold. Future experiments (outside the scope of this paper) could investigate the 

evolutionary path between decoration and Anti-CRISPR proteins, perhaps by 

utilizing decoration proteins as phage display platforms (Yang et al., 2000). 

Because β-tulip domains have extremely low or no sequence homology, 

we could only identify this relation by structural similarity rather than sequence 

motifs. We propose that some Acr proteins may have evolved from other phage 

proteins, but their structural homology has been masked by the rapid evolution 

and insertion of new structural elements. Regardless, de novo evolution remains 

a likely explanation for many Acr proteins. Recent work from the Cordes group 

has shown that proteins from young, ‘non-coding’ genes can have rudimentary 

ability to fold into compact, native-like states, suggesting a mechanism for 

evolution of new folds (Bungard et al., 2017). 
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Figure 2.10. P74-26 gp87 forms a stable trimer through extensive hydrophobic 
network.  
A) Hydrophobic ILVF clusters mapped onto the structure of Lambda gpD trimer show 
clusters within the β-tulip (blue) and C-terminal domains (red) that are unconnected to 
each other.  
B) ILVF clusters mapped onto the P74-26 gp87 trimer show an extended hydrophobic 
network, with clusters forming intermolecular and intramolecular interactions (clusters 
shown in blue span multiple subunits).  
C) gp87 β-tulip domains interact with neighboring subunits primarily through hydrophobic 
interactions, forming an intermolecular cluster consisting of Ile (red), Leu (green), and 
Phe (blue) residues.  
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The Beta-tulip fold as a widespread protein interaction motif 

Although this structural motif is quite small, we could only identify β-tulip 

domains in a handful of proteins. There are other examples of 5-stranded β-

barrels, (e.g. HIV gp120 (Pan et al., 2015)), but these domains use a different 

topology than found in β-tulip domains, suggesting that they evolved 

independently. The β-tulip fold is structurally conserved despite lacking strong 

sequence conservation. This is reminiscent of the HK97 fold (Suhanovsky and 

Teschke, 2015), as well as the well-studied Triose phosphate isomerase (TIM) 

Barrel fold (Nagano et al., 2002).  

The β-tulip fold is enriched in viral proteins. Of the five classes of β-tulip 

proteins that we identified, four of them are viral in origin: phage decoration 

proteins, Herpesvirus Triplex proteins, phage tailspike proteins, and phage anti-

CRISPR proteins. The only outlier is MoeA, a molybdenum cofactor biosynthesis 

enzyme that is found throughout life. Whether the MoeA β-tulip evolved through 

convergent or divergent evolution is still unknown. Regardless, we propose that 

the viral β-tulip proteins share a common ancestor.  

Recently, Rossmann and colleagues have elucidated the structure of the 

capsid stabilizing protein gp56 from the marine siphovirus TW1, which shares 

structural homology with phage Lambda gpD and the tailspike protein from 

phage Φ29 (Wang et al., 2017). TW1 gp56 consists of two β-tulip domains 

arranged in bloom to stem orientation around the central axis of the trimer 



89 

 

(Figure 2.9H). The N-terminal β-tulip features a short α-helical linker between 

strands 4 and 5 (Figure 2.9G). This contrasts with the other β-tulip containing 

proteins, as α-helical linkers appear to be most common between strands 3 and 

4. Given the similarity between gp56 and Φ29 tailspike, Rossmann and 

colleagues noted that in general the ‘gp56-like fold’ is capable of forming stable 

trimers in capsid stabilizing proteins, but also in proteins with differing functions 

(Wang et al., 2017). 

One of the viral β-tulip proteins is the Φ29 phage tailspike protein, which 

forms a homotrimeric enzyme complex used for recognition and digestion of host 

cell wall structure (Moreno and Bluzat-Moreno, 1978). The D4 region of the 

tailspike protein contains a pair of β-tulip domains arrayed in a head-to-tail 

fashion around the trimerization interface. Both β-tulip domains have significant 

structure homology to P74-26 gp87 (Cα RMSD = 1.7 Å and 1.5 Å for N and C-

terminal β-tulip domains of D4, respectively; Figure 2.9A-D; Table 2). The 

tandem β-tulip domains in D4 act as an ‘autochaperone’ to allow trimerization of 

the D1, D2 and D3 regions. Removal of D4 results in non-productive assembly of 

the tailspike trimer (Xiang et al., 2009), most likely due to kinetic traps in the 

folding of the highly interdigitated β-helix motifs found in the D1, D2, and D3 

domains (Betts and King, 1999). (We note that an Adenovirus uses the tailspike 

β-helix fold as a decoration protein to stabilize the capsid three-fold axes 

(Menéndez-Conejero et al., 2017). Thus, both the β-tulip and β-helix regions of 

the tailspike have evolved to stabilize the capsid.) Interestingly, Rossmann and 
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colleagues have noted that the D4 region of gp12 shows significant sequence 

homology to the minor capsid protein VP260 of Paramecium bursaria chlorella 

virus 1 (PBCV1) and some bacterial adhesion proteins (Xiang et al., 2009). The 

major capsid protein of PBCV1 exhibits a jelly roll fold instead of the HK97 fold 

found in Caudoviruses and Herpesviruses (Nandhagopal et al., 2002). Therefore, 

we propose the β-tulip domain plays a role in capsid stabilization and molecular 

recognition across a broad swath of viral lineages, not just those of the HK97 fold 

viral lineage.  

Our analysis reveals some general features of the β-tulip domain as a 

protein interaction module. The β-tulip domain tends to function in the context of 

a multimer, particularly trimers (gpD, gp87, Triplex, gp12, MoeA), although 

AcrIIC1 is an exception. β-tulip domains act as protein-protein interaction 

modules, with the primary interaction surface mediated by the ‘bloom’ side of the 

tulip, in particular strand 1. Again, AcrIIC1 is an exception. Finally, the β-tulip 

motif is quite malleable in terms of sequence as well as inserted structural 

elements. Insertions of auxiliary elements, in particular in between strands 3 and 

4 of the tulip, are common. Insertion of extra domains into the fundamental fold 

appears to be a common feature of capsid coat proteins; for example, HCMV 

major capsid protein has multiple insertions in loops of its core HK97 fold (Yu et 

al., 2017). The alterations in sequence and structure of the β-tulip domain shown 

here provides an example of the flexibility of the fold, as well as highlights the 

challenges in uncovering this fold in other proteins using comparative genomics. 
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CHAPTER III 

 

Principles for enhancing virus capsid capacity and stability 
from a thermophilic virus capsid structure 
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Preface 

The work presented in Chapter III is adapted from a manuscript titled 

“Principles for enhancing virus capsid capacity and stability from a thermophilic 

virus capsid structure” that has been submitted for publication. A preprint version 

of the manuscript was published on bioRxiv on January 5th, 2019 

(https://www.biorxiv.org/content/10.1101/473264v2). 

 

Brian Kelch and I wrote the manuscript and developed the experimental 

design together. I performed phage purifications, cryo-EM sample preparation 

and optimization, data collection, data processing, 3D refinement, and structural 

analysis. Contributing author Dr. Gabriel Demo assisted with cryo-EM data 

processing and refinement and structural analysis. Emily Agnello performed the 

phage thermostability assay described in the text.  
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Introduction 

Capsids are protein shells that surround and protect the viral genome. 

Capsid proteins often self-assemble into icosahedral structures with a quasi-

equivalent arrangement of individual subunits. In quasi-equivalence theory 

(Caspar and Klug 1962), the capsid subunits use similar interactions throughout 

the assembly, but are arranged in slightly different ways in non-symmetry related 

environments. 

Icosahedral capsid proteins form substructures called capsomers, with 

each capsomer comprised of either five or six subunits (pentons and hexons, 

respectively). Typical icosahedral capsids can be described by the triangulation 

number (T), which describes the complexity of the icosahedral symmetry. 

Capsids are composed of 60T protein subunits, resulting in an assembly of 

twelve pentons and a variable number of hexons (10 x (T-1)). Although capsid 

structure has been intensely studied for over a half century, the principles 

underlying capsid size and stability remain elusive. 

Capsid size is typically controlled by the underlying capsid geometry: the 

triangulation number and whether the capsid is prolate or isometric. Most 

frequently, the triangulation number is altered to control capsid size. Higher 

triangulation number results in more hexons and, therefore, a larger capsid; 

lowering the triangulation number will result in a smaller capsid. Another common 

mechanism for increasing capsid capacity is to convert a spherical, isometric 
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capsid into an elongated icosahedron, referred to as a prolate capsid. A prolate 

capsid consists of a cylinder with two quasi-icosahedral caps at the ends, 

resulting in increased interior capacity. In many viruses, an interior scaffolding 

protein or domain dictates the assembly of homogeneous capsids with a defined 

geometry and size (Prevelige and Fane 2012; Dearborn et al., 2017). Small 

alterations to capsid protein primary sequence can change T number or can 

convert a capsid between isometric and prolate (Eiserling et al., 1970; Fiedler et 

al., 2012). Thus, the evolutionary barriers for altering capsid size through these 

mechanisms are quite low. It remains unknown if there are other mechanisms for 

capsid size control and whether these mechanisms have any ramifications for 

virus fitness, such as capsid stability. 

Capsid stability is vital for virion survival in an external fluctuating 

environment until it finds a new host cell. Across the viral world, there is a wide 

spectrum of capsid stabilities (Mateu, 2013). Tailed phages and similar viruses 

utilize more stable capsids because of the high internal pressure of their tightly 

packaged genome (Evilevitch et al., 2003; 2004) and because the capsid never 

disassembles during the infection cycle (Casjens and Molineux, 2012; Davidson 

et al., 2012; Leiman and Shneider, 2012). Tailed bacteriophages, as well as 

herpesviruses, use Major Capsid Proteins of the conserved HK97 fold 

(Suhanovsky and Teschke, 2015). Capsids of these viruses first form as 

spherical procapsids, which convert to an icosahedral shape concomitant with 

genome packaging, release, or cleavage of auxiliary proteins. The conversion to 
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an icosahedral shape is mediated through conformational rearrangement of the 

HK97 folds (Hendrix and Johnson, 2011; Prevelige and Fane, 2012).  

Thermophilic virus capsids are amongst the strongest because they 

survive in an especially harsh environment. Previous studies of thermophilic 

viruses have focused on capsids of various shapes including icosahedral 

(Veesler et al., 2013), filamentous (Dimaio et al., 2015; Kasson et al., 2017; Liu 

et al., 2018), helical (Ptchelkine et al., 2017), and lemon-shaped (Hochstein et 

al., 2018; Hong et al., 2015). However, for most of these viruses, close 

mesophilic homologs are not available, which makes it challenging to identify the 

structural mechanisms that underlie thermostability. 

We use the thermophilic, tailed bacteriophage P74-26 to elucidate the 

structural mechanisms of thermostability (Hilbert et al., 2015; 2017; Stone et al., 

2018). P74-26 is an especially long-tailed siphovirus that infects T. thermophilus 

(Minakhin et al., 2008; Yu et al., 2006) (Figure 3.1A). We use P74-26 to compare 

with similar lambdoid phages and other mesophilic Caudoviruses. Because 

stability mechanisms of lambdoid phages have been studied in great detail 

(Bauer and Evilevitch, 2015; Bauer et al., 2015; Hernando-Pérez et al., 2014; 

Lander et al., 2008; Qiu, 2012), this comparison presents a unique opportunity to 

identify mechanisms of capsid stability.  

Here, we report the structure of the P74-26 capsid. A series of lassos 

topologically tether subunits together to stabilize the capsid through a novel 
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mechanism. The decoration protein forms a unique cage to lock the mature 

capsid in place. Finally, the structure reveals T=7 geometry despite a capsid 

capacity about twice that of typical T=7 Caudoviruses. P74-26 uses larger and 

flatter capsomers to achieve this larger capsid. Our work suggests that capsid 

geometry plays a critical role in virus stability.  
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Materials and Methods 

Growth and Purification of P74-26 virions 

Phage stock preparation and virion purification were performed as 

previously described (Minakhin et al., 2008; Stone et al., 2018). P74-26 phage 

was propagated in the host strain Thermus thermophilus HB8 using fresh 

overnight cultures grown at 65 °C in Thermus Medium (4 g L-1 yeast extract, 8g 

L-1 tryptone, 3g L-1 NaCl, 1 mM MgCl2, 0.5 mM CaCl2). 4 mL of P74-26 phage 

stock at 1x106 plaque forming units per mL (PFU mL-1) was combined with 6 mL 

of fresh T. thermophilus HB8 and incubated at 65 °C for 10 minutes. Reaction 

mixture was then inoculated into 1 L of Thermus Medium, and incubated at 65 °C 

while shaking for 4-5 hours. Lysate was then spun at 4,000 x g for 20 minutes, 

and supernatant was incubated with DNase I (2 Units mL-1) and RNase A (1 µg 

mL-1) for 1 hour at 30 °C. To precipitate virions, solid NaCl was added to 1M final 

concentration and Polyethylene Glycol MW 8,000 was added to a final 

concentration of 10% (w/v) while stirring. Phage stock was then incubated on ice 

overnight. The next day, precipitated phage stock was spun at 11,000 x g for 20 

minutes at 4 °C. The resulting phage pellet was resuspended in 2 mL of 50 mM 

Tris pH 7.5, 100 mM NaCl, and 1 mM MgSO4. Resuspension was supplemented 

with 0.4 g solid CsCl and added to a CsCl step gradient (2 mL steps each of 1.2, 

1.3, 1.4, 1.5 g mL-1 CsCl and 1 mL cushion of 1.7 g mL-1 CsCl, in 50 mM Tris pH 

7.5, 100 mM NaCl, 1 mM MgSO4). Gradients were prepared in 12 mL 

ultracentrifuge tubes and spun in a Beckman SW40-Ti rotor at 38,000 RPM for 
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18 hours at 4 °C. Sedimented virions were isolated and dialyzed twice overnight 

into 2L of 50 mM Tris pH 8.0, 10 mM NaCl, 10 mM MgCl2 at 4 °C. P74-26 virions 

were then concentrated to 1x1012 PFU mL-1 for subsequent use in electron 

microscopy. 

 

Thermal Stability Assay 

Purified P74-26 virions were diluted in sample buffer (50 mM Tris pH 8.0, 

10 mM NaCl, 10 mM MgCl2) to a final concentration of ~1x108 PFU mL-1 and 

incubated at 80º C for 0, 0.5, 1, 2, 4, or 6 hours in triplicate. Incubated virions 

were serially diluted and 100 µL aliquots of several dilutions were each mixed 

with 150 µL of fresh T. thermophilus HB8 (OD600 = 1.0). The adsorption reactions 

were then incubated at 65º C for 10 minutes and mixed with 2.5 mL molten 

Thermus Medium supplemented with 0.75% agar. The molten reaction mixture 

was then spread evenly on top of TR Gellan Gum plates (2g L-1 Yeast Extract, 4g 

L-1 Tryptone, 1g L-1 NaCl, 15g L-1 Gellan gum, 1.5 mM MgCl2, 1.5 mM CaCl2, pH 

7.5). Once the soft agar solidified, plates were inverted and incubated overnight 

at 65 °C yielding a bacterial lawn with discernible phage plaques. Plaques were 

then counted from three plates for each incubation. 
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Negative-staining electron microscopy 

Infections of Thermus thermophilus HB8 were performed as described 

above (growth/purification of P74-26 virions). Aliquots of the infection culture 

were diluted 1:1 in thermus growth medium and applied to carbon-coated 400-

mesh grids one hour after infection. Excess sample was then blotted from the 

grid surface, and grids were finally stained with 1% uranyl acetate. Data was then 

collected on a 120kV Philips CM-120 microscope fitted with a Gatan Orius 

SC1000 detector.   

 

Cryo-EM Specimen Preparation 

400 copper mesh lacey carbon support film grids (Electron Microscopy 

Sciences) were glow discharged using a Pelco easiGlow (Pelco) for 45 seconds 

at 20 mA (negative polarity) prior to sample application. 3.5 μL of P74-26 virions 

at 1x1012 PFU mL-1 was applied to a cleaned grid at 22º C and 90% humidity in a 

Vitrobot Mark IV (FEI). Samples were then blotted for 8 seconds after a wait time 

of 15 seconds. Sample coated grids were then vitrified by plunging into liquid 

ethane. Prepared grids were then stored submerged in liquid nitrogen prior to 

data collection. 
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Data Collection 

Micrographs were collected on a 300kV Titan Krios electron microscope 

(FEI) equipped with a K2 Summit direct electron detector (Gatan). Images were 

collected at a magnification of 130,000X in super-resolution mode at a pixel size 

of 0.529 Angstroms per pixel and a total dose of 48 e- Å-2 per micrograph. 

Micrographs were collected with a target defocus of -0.2 to -1.2 µm. For each 

micrograph, 32 frames were motion-corrected using the Align Frames module in 

IMOD (http://bio3d.colorado.edu/imod/betaDoc/man/alignframes.html) with 2x 

binning yielding a final pixel size of 1.059 Å/pixel. In total, 4,611 micrographs 

were obtained from a single 3-day collection. 

 

Data Processing 

CTFFind4 within the cisTEM software package (Grant et al., 2018) was 

used to determine defocus values for each resulting micrograph. An initial 

particle set of 37,046 particles was then picked using the Find Particles action in 

cisTEM with a specified maximum particle radius of 390 Å. This led to selection 

primarily of P74-26 capsids without selecting virion tail structures. The resulting 

particle stack was extracted using a box size of 1024 pixels, and then sorted into 

20 classes using 20 cycles of 2D classification in cisTEM. Particles from 2D class 

averages containing complete icosahedral capsids were extracted, yielding a 

stack of 28,880 particles. The particle stack was then used to generate an ab 
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initio model for subsequent refinement using the Ab-initio 3D action in cisTEM. 

Finally, 4x binned, 2x binned, and unbinned particle stacks, and particle 

parameters were exported to the Frealign software package (Frealign version 

9.11; (Grigorieff, 2007)) for subsequent 3D refinement and reconstruction with 

icosahedral symmetry imposed. 

To speed up initial data processing, the 4x binned particle stack was used 

for 5 cycles of global alignment (mode 3) with a resolution range of 300-12 Å in 

Frealign using the ab initio generated model as a template. The 2x binned 

particle stack was then subjected to 12 rounds of refinement (mode 1) in 

Frealign, increasing the high-resolution limit each 3 cycles from 12 to 6 Å. The 2x 

binned particle stack was then subjected to 20 rounds of 3D classification using 4 

total classes and a high-resolution limit of 6 Å. Two classes containing high 

quality particles were combined using merge_classes.exe in Frealign, yielding a 

particle substack containing 23,178 particles. The particle substack (1.059 

Å/pixel) was then subjected to 8 cycles of refinement and reconstruction in 

Frealign mode 1, yielding a resolution of 3.3 Å (0.143 FSC cutoff). FSC curves 

were calculated in Frealign using odd and even particle half-sets. The map was 

sharpened using automatically calculated B-factors (-98 Å2) using bfactor.exe in 

Frealign. The sharpened map was used for preliminary model building and 

structure refinement. The final cycle of refinement included Ewald sphere 

curvature corrected reconstructions of the same and opposite handedness by 

setting IEWALD in Frealign to either 1 or -1, respectively. The Ewald sphere 
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curvature corrected reconstruction of the same handedness yielded the final map 

with a resolution of 2.8 Å (0.143 FSC cutoff; 3.1 Å at 0.5 FSC cutoff). The final 

map was sharpened with a B-factor of -100 Å using bfactor.exe in Frealign. The 

final map was then used for final model building. 

Model Building 

For the P74-26 MCP atomic model, a poly-alanine chain was initially built 

into the density map and manually refined using Coot (Emsley and Cowtan, 

2004). Then, side chains were assigned, and a complete model of MCP was built 

and refined manually. For the P74-26 decoration protein, the previously 

determined atomic model of the decoration protein trimer (PDB: 6BL5) was rigid-

body fit into a corresponding portion of the density map. The N-terminal 16 

residues of the decoration protein were then built into the density map, and the 

protein trimer was refined manually in Coot. The models of the MCP monomer 

and decoration protein trimer were then refined into the P74-26 density map 

using the Phenix real-space refine procedure (Adams et al., 2010). These 

models were then used to generate the P74-26 icosahedral asymmetric unit. The 

MCP P- and A-domains were first rigid-body fit into the density corresponding to 

each MCP subunit of the asymmetric unit (six hexon subunits and one penton 

subunit). Then, the N-arm, C-arm, and E-loop of each subunit were individually 

rigid-body fit into the corresponding density to account for variability in the 

orientation of these loops throughout the asymmetric unit. The refined decoration 

protein model was then fit into the corresponding density of the asymmetric unit, 
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comprising two decoration protein trimers and an additional monomer. The 

complete asymmetric unit was then manually refined in Coot, and final real-space 

refinement of the asymmetric model was performed using Phenix. The final real-

space refinement consisted of 10 cycles of refinement using the 2.8-Å Ewald 

sphere corrected map as input. The real-space refinement statistics are listed in 

Table 3.1. 

Database Accession Numbers 

Model coordinates of the P74-26 capsid asymmetric unit were deposited to the 

Protein Data Bank (PDB: 6O3H). The density map of the icosahedral capsid 

reconstruction was deposited to the EM Data Bank (EMD-0618). 
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Table 3.1: Structure determination and refinement 

 

Deposited structures   
PDB accession no.  6O3H  
EMDB accession no. EMD-0618  
  

Data collection   
Microscope FEI Titan Krios 
Detector Gatan K-2 
Voltage (kV) 300 
Magnification 130,000 
Electron exposure (e

-
/Å

2
) 48 

Defocus range (µm) -0.2 to -1.2 
Pixel size (Å) 0.529 
  

Data processing   
Number of particles refined 28,880 
Final number of particles 23,178 
Imposed symmetry Icosahedral 
Map-sharpening B-factor (Å

2
) -100 

Final resolution (Å) 2.8 
  

Asymmetric unit refinement   
Map correlation (%) 80.1 
R.M.S.D. (bonds) 0.01 
R.M.S.D. (angles) 0.93 
All-atom clashscore 5.79 
Ramachandran favored (%) 92.2 
Ramachandran allowed (%) 7.3 
Ramachandran Outliers (%) 0.49 
Rotamer outliers (%) 0.42 
C-beta deviations 0 
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Results 

Thermostability of P74-26 virions 

We sought to elucidate the principles underlying the thermal stability of the 

P74-26 virus particle. Although it is clear that P74-26 is more stable than its 

mesophilic counterparts, the thermostability of P74-26 particles has never been 

directly measured. To address this, we heated samples of P74-26 virions to 80 

°C and measured phage infectivity as a proxy of virus particle integrity (Figure 

3.1B). This is a very stringent test for capsid stability, as disruption of many other 

structures within the virion (e.g. tail, neck, baseplate, etc.) can lead to loss of 

infectivity. Indeed, we find that P74-26 capsids remain intact after loss of tails 

and packaged DNA following incubation at 80 °C (Figure 3.1C). P74-26 virions 

remain stable and infectious when incubated at 80 °C for long periods (t1/2 = 49.5 

± 0.7 minutes). In contrast, mesophilic Lambda phage rapidly loses infectivity 

when incubated at high temperatures in a similar buffer (t1/2 = 48 sec at 75 °C 

and extrapolated t1/2 ~ 5-7 seconds at 80 °C (Bauer and Evilevitch, 2015)). These 

experiments demonstrate that P74-26 is, to our knowledge, the most stable 

Caudovirus known. 

 

Overall capsid structure  

To determine the structural mechanism of P74-26 stability, we used single 

particle cryo-EM to determine the high-resolution structure of the P74-26 capsid. 
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In the raw images, the capsids are clearly isometric, icosahedral particles filled 

with DNA (Figure 3.2A,B). The ~0.9 µm long, flexible tails emanate from a five-

fold vertex. We extracted capsid particles from the raw images and performed 

single particle reconstruction imposing icosahedral symmetry (Figure 3.3). 

Because the portal and tail complex sit at a unique vertex, icosahedral averaging 

removes features for these structures. The resolution of the reconstruction is 2.8 

Å or 3.1 Å according to gold standard 0.143 or 0.5 Fourier Shell Correlation 

(FSC) criteria (Figure 3.2C; Figure 3.4A,B). (However, we note that the 

disordered DNA in the interior can adversely impact these calculations.) The 

P74-26 capsid is 824 Å in diameter from vertex to vertex, and 770 Å from face to 

face. The capsid exhibits T=7 (laevo) symmetry, which is surprising for a capsid 

of this size. We could easily identify density consistent with the major capsid 

protein (gene product 86, hereafter referred to as MCP) and the decoration 

protein (gene product 87, hereafter referred to as DecP74-26). We had previously 

determined the crystal structure of the trimeric globular regions of DecP74-26, 

which consists of a β-tulip domain followed by a mixed α/β subdomain (Figure 

3.4C; Figure 3.5A) (Stone et al., 2018). The DecP74-26 crystal structure was easily 

placed into the cryo-EM maps with minor adjustments. Furthermore, we clearly 

resolve the entire ~23 residue N-terminal arm of DecP74-26 (hereafter called the 

Dec-arm), most of which was missing from the crystal structure. Likewise, the 

entire chain of MCP is clearly represented in the reconstruction maps. Thus, we 

have determined the complete structures, from N- to C-termini, of the two major  
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Figure 3.1. P74-26 is a thermostable virus.  
A) Negative stain electron micrograph of phage P74-26 infecting T. thermophilus HB8; 
scale bar, 200 nm. 
B) Purified P74-26 virions retain significant infectivity after 80˚C incubation.  
C) Negative-staining electron micrographs of purified P74-26 virions following incubation 
at 80˚C, imaged after 0, 1, and 6 hour incubations (see main text figure 1); scale bars, 
500 nm.   
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Figure 3.2. Determination of P74-26 capsid structure by cryo-EM. 
A) Representative micrograph of purified P74-26 virions from high-resolution data 
collection; scale bar, 100 nm.  
B) Icosahedral reconstruction of P74-26 mature capsid, colored radially from the center of 
the volume (red to blue). One penton and two hexons of MCP are outlined on the volume, 
and decoration protein trimers are circled. The black triangle indicates the icosahedral 
asymmetric unit, with three- and five-fold axes labeled as small white triangles and 
pentagons, respectively. 
C) Representative section of the density map with fitted model of the MCP P-domain spine 
helix. 
D and E) Atomic model of P74-26 icosahedral asymmetric unit (d) and corresponding 
cartoon schematic (e). In the asymmetric unit, the Major Capsid Protein (MCP) comprises 
one complete hexon (shown in shades of red) and a single penton subunit (yellow). The 
Decoration protein subunits (gp87) are shown in shades of green.  
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Figure 3.3. Schematic of P74-26 capsid cryo-EM refinement and classification.  
All particles were initially aligned to a single ab initio model generated from the data. 3D 
classification was performed with the 2x binned particle stack, and classes 1 and 4 were 
merged prior to final refinement of the capsid. Ewald sphere curvature correction was 
performed on the final round of refinement. 
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Figure 3.4. P74-26 icosahedral reconstruction structure validation. 
A) Fourier shell correlation curve for the P74-26 icosahedral reconstruction; resolution is 
2.8 Å at the gold standard FSC cutoff of 0.143 (dotted gray line).  
B) Fourier shell correlation curve for the comparison of the cryo-EM map to the 
coordinate model of the icosahedral asymmetric unit.  
C) Model of the Decp74-26 protein trimer fit into the corresponding map density.  
D) Overall fit of the P74-26 MCP monomer model fitted to the corresponding map 
density. 
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components of the P74-26 capsid (see Table 3.1 for reconstruction and model 

statistics).  

MCP adopts the expected HK97 fold (Figure 3.4D; Figure 3.5B;). The 

HK97 fold has two globular domains: the rectangular P-domain (peripheral 

domain; residues 107 through 186, and 326 through 373) and the triangle-

shaped A-domain (axial domain; residues 192 through 320, and 384 through 

391). Attached to these domains are a series of loops and extended arms that 

facilitate protein-protein interactions to stabilize the capsid. MCP contains an 

especially long N-terminal region (the N-arm; residues 1 through 52) and β-

hairpin called the E-loop (extended loop; residues 60 through 106). MCP also 

contains four non-classical elements that are either unique to P74-26 or are not 

found in most HK97 folds: 1) a G-loop region (residues 166-188) of the P-domain 

that forms a small beta-hairpin; 2) an S-loop (residues 123-133) that lies at the N-

terminal end of the P-domain spine helix; 3) a T-loop (residues 330 through 346) 

that forms a flap off the bottom of the P-domain; and 4) an extended C-terminal 

arm (the C-arm; residues 392 through 409) that extends away from the A-

domain. 

We observe conformational heterogeneity amongst the seven copies of 

MCP in the asymmetric unit that is restricted to the E-loop and N-arm (Figure 

3.6A). The MCP conformer found in the penton exhibits larger conformational 

changes than the hexon subunits. The E-loop displays the largest variability in 

conformation with a ~27 Å movement of the tip (comparing the penton subunit to 
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the ‘D’ subunit of the hexon). The N-arm is the only other region that displays 

large heterogeneity across MCP conformers, with a ~19 Å movement of the N-

arm tip. Both conformational changes can be described as rigid body rotations at 

hinge regions that lie at the bases of the E-loop and N-arm. There are minimal 

conformational differences throughout the rest of the HK97 fold. This is different 

than observed in other Caudoviruses such as phage Sf6, where there is 

conformational variability throughout the HK97 fold (Zhao et al., 2017).  

 

The P74-26 capsid is exceptionally large for a T=7 virus 

To our knowledge, the P74-26 capsid is far larger than observed in all 

other structures of T=7 viruses. Compared to other T=7 phage, the P74-26 

capsid inner diameter is longer by ~140 Å than average, and 115 Å longer than 

the next biggest capsid (Figure 3.7A; Table 3.2). This results in a capsid capacity 

that is about twice as large as normal for T=7 Caudoviruses. The large capsid 

holds the 83 kb genome of P74-26, which is nearly twice as long as average for 

T=7 Caudoviruses. The coevolution of larger capacity and genome results in a 

typical packaging density (0.52 versus 0.54 bp nm-3 for P74-26 and other 

Caudoviruses, respectively).   
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Figure 3.5. Structural models of P74-26 MCP and Dec.  
A) Structure of P74-26 Dec protein monomer colored by domain (left) with corresponding 
schematic of the Dec trimer (right). 
B) Structure of P74-26 MCP colored by domain (left) with corresponding labeled 
schematic (right). 
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Figure 3.6. MCP subunit and capsomer orientation in P74-26. 
A) Overlay of MCP subunits in the P74-26 asymmetric unit shows the conformational 
heterogeneity of the E-loop and N-arm lassos, and the conserved orientation of the A- 
and P-domains.  
B) Overlay of P74-26 (red) and phage HK97 (blue) pentons displayed as a top-down 
view.  
C) Side profile comparison of P74-26 and HK97 pentons, values indicate longest 
diameter of respective pentons.  
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Figure 3.7. P74-26 has significantly increased capsid capacity compared to T=7 
mesophilic viruses. 
A) Size comparison of P74-26 and homologous mesophilic T=7 phages Lambda and 
HK97. Corresponding capsid diameters (longest outer diameter measured from 5-fold 
axes) are listed below each structure.  
B) Size comparison of hexons from HK97 (blue) and P74-26 (red); longest hexon 
diameters are listed below each structure.  
C) Overlay of HK97 and P74-26 MCP, aligned on the HK97 fold P-domain.  
D) Schematic representations of MCP from HK97 (left, blue) and P74-26 (right, red). 
Labels indicate features unique to P74-26 MCP.  
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Table 3.2: Sizes of T=7 phage 

 

 

 

† Outer diameter is defined as twice the length of the longest radius from the map center 
to the capsid shell.  

‡ Inner diameter is defined as twice the length of the shortest radius from the map center 
to the capsid shell. 

• Genome length reported from homolog propionibacterium phage PA6. 

§ HSTV-2 is an archaeal virus. 
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The larger size of the T=7 capsid is due to much larger and flatter 

capsomers than found in other Caudoviruses. The P74-26 pentons and hexons 

are 157 Å and 197 Å in diameter in the longest dimension, larger than normal 

capsomers (average of 129 Å and 158 Å, respectively). The P74-26 capsomers 

are also less curved than found in typical Caudoviruses, even though the 

spherical factor of the P74-26 capsid particle is higher than homologs 

(approximately 0.4 for P74-26 vs. 0.25 for HK97) (Figure 3.6B,C; Figure 3.7B).  

P74-26 MCP occupies much more surface area than observed in other 

HK97 folds. The MCP of P74-26 contains a typical number of residues (Table 

3.3), so this is not simply due to lengthening the MCP primary sequence. Instead, 

P74-26 efficiently uses extended loop architecture to create a structure with large 

surface area. There are eight structural changes that increase the surface area of 

MCP. The first change is the P74-26 E-loop β-hairpin, which is 44 residues in 

length, whereas the range of E-loops in other HK97 folds is 32 to 34 residues. 

The greater number of residues allows the E-loop to extend much further (~70 Å 

vs ~53 Å for P74-26 and HK97 phage, respectively). The second change is an 

elongated N-arm (52 residues extending ~44 Å, versus 36 residues and ~37 Å 

extension, averaged across other Caudoviruses). The N-arm of P74-26 also 

reverses direction to directly contact the P-domain. This unique N-arm 

architecture covers much more surface area than other N-arms. The third change 

is the P74-26 C-arm, which forms a unique extended structure that runs along 

the outside of the A-domain. The C-arm binds two adjacent A-domains within a 
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capsomer such that the axial region of the capsomer is enlarged (Figure 3.2D,E; 

Figure 3.8A). The A-domain surface area is increased by the fourth and fifth 

major structural changes: a unique helix at the tip of the A-domain that extends 

the axial dimension by ~6 Å, and an extended loop region (residues 295 through 

311) that widens the A-domain (Figure 3.8C,D). The final three major structural 

changes are three loops that emanate from the P-domain (the G-loop, S-loop, 

and T-loop). Each of these three regions of the P-domain play critical roles in 

intra- or inter-capsomer interactions, which we delineate below. 

 

MCP forms rings, ‘lassos’, and flaps to topologically link subunit-subunit 

interactions 

The MCP-MCP interactions within a capsomer are much more extensive 

and intricate than in other Caudoviruses (Figure 3.9A). The interaction area 

between two adjacent MCP proteins is ~3150 Å2, which is larger than most other 

T=7 HK97 folds. Only phage Sf6 buries more surface area (~3277 Å2), much of 

which is contributed by the large insertion domain that makes intra-capsomer 

interactions in lieu of a decoration protein (Zhao et al., 2017). The hydrophobic 

contribution to interface stability is greater for P74-26 than other T=7 

Caudoviruses. The estimated hydrophobic interaction free energy between two 

MCP subunits is -34.1 kcal mol-1 for P74-26 versus an average of -25.0 kcal mol-1 

for other viruses (Table 3.3). However, the number of hydrogen bonds and salt  
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Figure 3.8. Intra-capsomer interactions in P74-26.  
A) The C-terminal arm forms hydrophobic interactions with both the A-domain of the 
MCP subunit from which it emanates (red), as well as an adjacent subunit (purple) 
stabilizing inter-capsomer interactions.  
B) The MCP N- and C-termini (red) both interact with the E-loop β-sheet consisting of 
the E-loop (purple), N-arm (red) and Dec-arm (green). The C-arm interacts on the top of 
the β-sheet, while the N-arm binds along the bottom. Thus, the two arms collaborate to 
form a ‘pincer’-like interaction to hold the neighboring E-loop in place. 
C) The MCP N- and C-termini (shown as spheres) use ionic interactions to act as 
‘pincers’ clasping the E-loop β-sheet from either side.  
D) Hydrophobic interactions, hydrogen bonds, and salt bridges tightly secure the E-loop 
(purple) to the P-domain and G-loop of a neighboring subunit (red).   
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Table 3.3: Analysis of inter-subunit interactions across T=7 phages 

 

 

 

† Calculated as difference in total accessible surface areas of isolated and 
interfacing subunits within a hexon divided by two, averaged over all six hexon 
interfaces. 

‡ Average estimated hydrophobic interaction energy between two subunits within 
a hexon, averaged over all six hexon interfaces. ΔGhydrophobic indicates the 
solvation free energy gain upon formation of the interface, in kcal/mol. The value 
is calculated as difference in total solvation energies of isolated and interfacing 
structures. 

• Number of hydrogen bonds between two subunits within a hexon, averaged 
over all six hexon interfaces. 

§ Number of salt bridges between two subunits within a hexon, averaged over all 
six hexon interfaces. 
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bridges stabilizing intra-capsomer interactions are typical (34 versus 31 hydrogen 

bonds, and 4 versus 7 salt bridges for P74-26 and others, respectively).  

The architecture of the interfaces between MCP subunits is substantially 

different for P74-26, with loops and extended arms that are intertwined to provide 

stability against internal pressure. Like other HK97 folds, the E-loop forms 

important subunit-subunit interactions within the capsomer. However, there are 

two unique networks of interactions that form topological links to establish tight E-

loop binding. 

The Dec-arm, N-arm, and C-arms all collaborate to form a ring that 

completely surrounds the β-sheet region of the E-loop. The Dec-arm forms an 

anti-parallel β-sheet with the E-loop of a neighbor, forming the outer surface of 

the capsid (Figure 3.9A), similar to that of phage Lambda (Lander et al., 2008). 

The N-arm consists of four sections: 1) a ‘hand’ that comprises the N-terminal 

four residues, 2) a helical ‘forearm’, 3) a turn that forms the ‘elbow’ or ‘crook’, and 

4) the ‘upper arm’ that forms a β-strand conformation. The hand, forearm, and 

upper arm all form intimate contacts with the E-loop of an adjacent MCP. The 

upper arm forms a parallel β-sheet with the E-loop along the inner surface of the 

capsid shell, similar to that observed in nearly all other HK97 folds (Suhanovsky 

and Teschke, 2015). However, the P74-26 N-arm is unique in that the elbow 

interacts with a neighboring Dec protein (see below for more details) and makes 

a sharp turn to orient the forearm and hand underneath the E-loop β-sheet. The 

forearm helix and hand interact with the E-loop using tightly packed hydrophobic 
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interactions, with the N-terminus amine group forming salt bridges with the P-

domain (Glu142) and the E-loop of the neighbor (Asp72) (Figure 3.9C). 

P74-26 MCP contains a C-arm that stabilizes inter-subunit interactions 

and, to our knowledge, is completely absent in other HK97 folds. The 18-residue 

C-arm extends down the length of the A-domain, ending at the E-loop of the 

neighboring MCP. The C-arm uses hydrophobic interactions to glue the A-

domains of two adjacent MCP subunits together. The C-terminal four residues 

bind directly on top of the E-loop of a neighbor, interacting with all four strands in 

the sheet (Figure 3.9D). The four sidechains form a series of hydrophobic and 

salt bridge interactions to stabilize the C-arm over the sheet, with the C-terminal 

carboxylate forming salt bridges with Arg12 of the Dec-arm and Lys97 of the E-

loop. Thus, both N- and C-arms grip the neighboring E-loop in a pincer 

architecture, with the C-arm binding from above, while the N-arm binds from 

below (Figure 3.8B,C). All three arms act to completely surround the E-loop of 

each neighbor in a ring of tight interactions, stabilizing the inter-subunit assembly 

(Figure 3.9E). To our knowledge, this type of architecture is unique.  

The end of the E-loop attaches to the neighboring MCP. The E-loop is 

intercalated by several residues from the neighboring subunit (Glu112, Trp146, 

and Arg150 of the P-domain and Tyr176, Pro178, and Asn179 of the G-loop), 

preventing it from forming a canonical beta-hairpin structure (Figure 3.8D; Figure 

3.9B). The long G-loop is critical for this interaction, as it allows these residues to 

interdigitate between the E-loop strands. The interaction between the P-domain 
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and G-loop of one subunit with the E-loop of its neighbor is mediated by 

numerous hydrophobic interactions, hydrogen bonds, and salt bridges (Figure 

3.8D). In this manner, the E-loop acts as a lasso to topologically attach to the 

next subunit within the capsomer.  

The N-arm also topologically links multiple proteins within the capsid 

assembly (Figure 3.10A). The elbow interacts tightly with the P-domain of a 

neighboring MCP, and the β-tulip domain and Dec-arm of a nearby DecP74-26 

(Figure 3.10B). The elbow-to-Dec interaction is critical for stabilizing inter-

capsomer interactions (described in more detail in the following section). The 

curve of the elbow directs the forearm and hand back toward the same HK97 fold 

from which the N-arm emanates (Figure 3.10A). The P-domain contains the S-

loop, a small loop of 11 residues that inserts into a groove between the forearm 

helix and the hand residues. These structural elements are locked together using 

a complicated web of hydrogen bonds, salt bridges, and hydrophobic interactions 

that latches the forearm and hand in place (Figure 3.10C). In this manner, the S-

loop effectively closes the N-arm into a long, closed loop that links different 

capsid subunits together. Taken together, we observe two separate lasso 

interactions emanating from each side of MCP: one consisting of the E-loop, and 

the other comprised of the N-arm/S-loop combination. 
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Figure 3.9. Lasso interactions stabilizing the E-loop.  
A) Diagrams depicting interactions of the MCP E-loop (purple) with a neighboring MCP 
subunit (red) and Dec-arm (green).  
B) The E-loop lasso (purple) is stabilized by the G-loop and P-domain of a neighboring 
subunit (red). 
C) The N-arm ‘forearm’ and ‘hand’ bind underneath an adjacent E-loop.  
D) The C-arm binds on top of all four strands of the E-loop β-sheet. 
E) The β-hairpin of the E-loop (purple) is stabilized by a closed ‘ring’ consisting of the MCP 
N- and C- arms (red), and the Dec-arm (green). 
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Figure 3.10. Lasso interactions stabilizing the N-arm. 
A) Diagram depicting the N-arm lasso interactions with the P-domain (red) and adjacent 
DecP74-26 protein (green).  
B) The N-arm ‘elbow’ (red) extends to the β-tulip domain of a DecP74-26 protein (green) at 
an adjacent three-fold axis.  
C) The N-arm ‘hand’ binds to the P-domain S-loop, creating a closed loop lasso.  
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The N-arm forms overlapping flaps that stabilize the assembly at the two-

fold and quasi-two-fold axes of symmetry between capsomers (Figure 

3.11A,C,D). The N-arm elbow region of an MCP subunit in one capsomer 

interacts with the S-loop, forearm, and hand of the MCP subunit in the capsomer 

across the two-fold/quasi-two-fold axis. The interaction is primarily mediated 

through hydrophobic interactions. Importantly, the sidechain of Leu127 in the S-

loop sits inside the opening of N-arm such that it acts as a ‘hitching post’ that the 

N-arm wraps around (3.13A). The elbow is placed on the outside face of the 

capsid, while the forearm and hand form the inside surface of a neighboring 

capsomer. Thus, both MCP proteins form two inter-locking flaps across the two-

fold and quasi-two-fold axes.  

MCP uses the T-loop to stabilize the interaction where three capsomers 

meet (i.e. the three-fold and quasi-three-fold axes) (Figure 3.11A). (We define 

these capsomers as α, β, and γ for clarity.) The T-loop forms the inside surface 

of the capsid, where it binds the P-domain of an MCP in a neighboring capsomer 

in a ‘tongue-in-groove’ fashion (Figure 3.11B,E). The interactions are 

reciprocated such that the T-loop of capsomer α binds the P-domain of capsomer 

β, and so on. Thus, the elbows form two-fold flaps on the capsid exterior to 

stabilize the two-fold and quasi-two-fold axes, while the T-loop forms tongue-in-

groove interactions on the capsid interior to stabilize the three-fold and quasi-

three-fold axes. 
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Figure 3.11. Inter-capsomer stabilization by extended flaps in P74-26 MCP.  
A) Diagram of the three-fold axis where three capsomers (α-red, β-blue, and γ-yellow) 
meet.  
B) The T-loop flap interacts with the P-domain of a neighboring subunit, forming a ring 
around the quasi-three-fold/three-fold axes. Right, tongue-in-groove interactions of T-
loops and adjacent P-domains, as viewed from the capsid interior.  
C) The N-arms of two adjacent subunits form interleaving flaps where the N-arm binds to 
the S-loop of the neighboring subunit across the quasi-two-fold/two-fold axes.    
D) Leu 127 from the P-domain latch (dark blue) acts as a ‘hitching post’ for the N-arm 
lasso of a neighboring MCP subunit (red) across the quasi-two-fold/two-fold axes. 
E) The ‘tongue-in-groove’ interaction of the MCP T-loop (light blue) and an adjacent 
MCP P-domain (red) at the quasi-three-fold/three-fold axes.  
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The decoration protein forms an inter-capsomer cage 

The DecP74-26 trimer binds the capsid at the icosahedral three-fold and quasi-

three-fold axes, with the Dec-arm pointing to the neighboring three-fold/quasi-

three-fold axis. DecP74-26 forms numerous interactions throughout the capsid. 

Each DecP74-26 subunit contacts nine different proteins: six MCP subunits in three 

different capsomers, two other DecP74-26 subunits within the same trimer, and one 

DecP74-26 subunit at the neighboring three-fold/quasi-three-fold axis (Figure 

3.12A). The total interaction area for a single 146-residue DecP74-26 subunit is 

~4100 Å2. This is vastly more extensive than seen for mesophilic decoration 

proteins. For example, phage TW1 has a decoration protein of similar size (149 

residues), but each DecTW1 subunit buries only ~60% of the equivalent surface 

area (~2670 Å2) and interacts with seven other protein chains. Additionally, 

DecP74-26 uses much greater hydrophobic interactions than mesophilic homologs 

(estimated free energy of hydrophobic interactions is -38 versus -9 kcal mol-1 for 

P74-26 and TW1, respectively; Table 3.4). 

The majority of DecP74-26 interactions are with capsomer α, where it 

contacts two separate MCP chains, termed α1 and α2. The DecP74-26 globular 

region primarily makes contact with the P-domain and G-loop of the α1 subunit. 

The DecP74-26 to P-domain interaction surface is comprised of a series of 

hydrophobic interactions and salt bridges (Figure 3.13A). The interface with the 

α2 subunit is the most substantial, accounting for ~1300 Å2 of interaction area. 

Most of this interaction is due to the previously mentioned interaction of the Dec- 
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Figure 3.12. Stabilization of the P74-26 capsid by DecP74-26. 
A) A single DecP74-26 protein monomer (dark green) stabilizes capsomer interfaces by 
binding nine different proteins: three DecP74-26 subunits (green) and six MCP subunits from 
three capsomers. 
B) The DecP74-26 proteins form an interconnected ‘cage’ that surrounds the capsid.  
C) The Dec-arm from one subunit (light green) interacts with the β-tulip domain of a DecP74-

26 protein (dark green) positioned at an adjacent quasi-three-fold/three-fold axis.   
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Table 3.4: Analysis of decoration protein interactions in P74-26 and phage TW1 

 

 

 

 

† Calculated as the total interaction surface of a decoration protein monomer with 
adjacent MCP and Dec subunits. 

‡ Total estimated hydrophobic interaction energy between Dec and binding 
partners, averaged from three Dec proteins within Dec trimer. ΔGhydrophobic 
indicates the solvation free energy gain upon formation of the interface, in 
kcal/mol. The value is calculated as difference in total solvation energies of 
isolated and interfacing structures. 

• Total number of hydrogen bonds between Dec and interacting partners, 
averaged from three Dec proteins within trimer. 

§ Number of salt bridges between Dec monomer and interacting proteins, 
averaged from three Dec proteins within trimer. 
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arm with the E-loop (Figure 3.10A). However, additional contacts are formed 

between the Dec-arm and the α2 G-loop (Figure 3.13B).  

The Dec-arm reaches to the DecP74-26 trimer at the neighboring three-

fold/quasi-three-fold axis. The N-terminal seven residues of the Dec-arm use 

hydrogen bonds and salt bridges to bind the neighboring DecP74-26 β-tulip domain 

in an induced-fit mechanism (Figure 3.12C). This same Dec subunit reciprocates 

this interaction using its Dec-arm, to create two proteins embracing each other ‘at 

arm’s length’. These interactions effectively link each of the DecP74-26 trimers 

throughout the capsid surface into one interlocked cage (Figure 3.12B). To our 

knowledge, this interconnected architecture of decoration proteins has not been 

observed in mesophilic viruses.  

Each DecP74-26 globular region also interacts with the other two 

neighboring capsomers, contacting three MCP subunits in capsomer β and one 

in capsomer γ. The β1 MCP subunit uses its elbow region to bind DecP74-26, 

burying 449 Å2 of area. The G-loop of the β2 MCP subunit binds the side of the 

DecP74-26 β-tulip domain, using hydrogen bonds and hydrophobic interactions, 

burying 257 Å2 (Figure 3.14A). The β3 MCP subunit binds underneath the DecP74-

26 globular region, using the tip of the E-loop to make hydrogen bonds (Figure 

3.14B). Finally, γ1 MCP makes a few hydrogen bonds to DecP74-26 using its P-

domain (Figure 3.14C). 
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Figure 3.13. Inter-capsomer interactions of Dec with α capsomer in P74-26.  
a) The β-tulip domain of Dec (green) interacts extensively with the P-domain of the α1 
subunit (red). 
b) The Dec-arm (green) extends beyond the E-loop β-sheet, interacting with the G-loop 
and A-domain of the α2 subunit (purple).  
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Figure 3.14. Inter-capsomer interactions of Dec with β and γ capsomers in P74-26.  
A) The Dec β-tulip domain (green) interacts with the extended G-loop of the β2 MCP 
subunit (blue) across the quasi-two-fold/two-fold axis.  
B) The β-tulip domain of Dec (green) interacts with the tip of the E-loop of the β3 subunit 
(lavender). 
C) The β-tulip domain of Dec (green) extends across the quasi-three-fold/three-fold axis, 
hydrogen bonding with the P-domain of the γ1 subunit (orange). 
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Discussion 

Architectures for enhancing stability: lassos, rings, and flaps 

We observe enhanced hydrophobic interactions at the subunit-subunit 

interfaces within the capsid. Hydrophobic interactions are estimated to be >2 fold 

higher for P74-26 than for mesophilic homologs (Table 3.3; Table 3.4). This 

observation can partially explain the enhanced thermostability of the P74-26 

capsid, as the hydrophobic effect increases in strength at high temperature 

(Huang and Chandler, 2000). In contrast, we observe no significant alteration in 

the number of hydrogen bonds or salt bridges (Table 3.3; Table 3.4), other 

interactions that have been seen to confer thermostability for some globular 

proteins (Petsko, 2001; Szilágyi and Závodszky, 2000; Vogt et al., 1997; Zhou 

and Dong, 2003).  

We were not particularly surprised to find increased hydrophobic 

interactions in the P74-26 capsid. Numerous studies of thermophilic globular 

proteins show increased hydrophobic forces as a major contributor to thermal 

stability (Hennig et al., 1997; Knapp et al., 1999; Lim et al., 1997; Petsko, 2001; 

Voorhorst et al., 1997). However, there are two things that make the P74-26 

capsid a unique model system: 1) high internal pressure from tightly packaged 

DNA induces mechanical stress in the capsid (Bauer et al., 2015; Evilevitch et 

al., 2003; 2004), and 2) it is a self-assembling structure in which inter-subunit 

architecture and topology plays an important role in overall stability. We can 
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derive these principles by comparing the P74-26 structure with those of 

numerous mesophilic homologs.  

We find that the P74-26 capsid is stabilized by several loops and 

extensions that form topological linkages between subunits. The unique E-loop 

lasso attaches to the G-loop and P-domain of a neighboring MCP, which act as a 

‘hitching post’ for topologically tethering the lasso. Furthermore, the N- and C-

arms, together with the Dec-arm, completely ring the E-loop β-strands, another 

architectural element unique to P74-26 (Figure 3.9E). Thus, the E-loop is ringed 

toward the base and lassoed towards the tip. 

A second lasso is formed by the N-arm, which forms both intra-capsomer 

and inter-capsomer interactions. The N-arm binds to the E-loop of a neighboring 

MCP within a capsomer through the upper-arm strand, the forearm helix, and 

hand region (Figure 3.9A,C). Furthermore, the elbow, forearm, and hand stabilize 

capsomer-capsomer interactions by binding with DecP74-26 and an MCP subunit 

that lies across the two-fold/quasi-two-fold axes (Figure 3.10A,B). While the N-

arm is technically not a closed loop, P74-26 effectively closes the loop using the 

unique S-loop to fix the position of the forearm and hand regions (Figure 3.10C). 

We find no similar N-arm lasso architecture in mesophilic Caudoviruses (Chen et 

al., 2017; Guo et al., 2014; Hryc et al., 2017; Wang et al., 2017; Wikoff et al., 

2000; Zhang et al., 2013; Zhao et al., 2017), which suggests that this architecture 

is important for enhancing capsid stability. 
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Although lassos are not found in other Caudoviruses, the distantly related 

herpesviruses contain analogous lasso architecture in the N-arm of the HK97 fold 

Dai and Zhou, 2018; Dai et al., 2018; Yu et al., 2017). Much like the N-arm of 

P74-26, the herpesvirus N-arm lassos are not true closed loops. Despite this 

seeming similarity, the herpesvirus lassos function differently. They exclusively 

stabilize inter-capsomer interactions, whereas the P74-26 N-arm lasso stabilizes 

both intra-capsomer and inter-capsomer interactions. Moreover, the pentons of 

herpesvirus capsids do not exhibit lasso interactions and the interactions are 

variable within hexon subunits, while P74-26 has nearly identical lasso 

interactions throughout both pentons and hexons. These observations indicate 

that the lasso architecture likely evolved independently and highlights the 

flexibility of topological stabilization mechanisms. We hypothesize that the 

extendable arm architecture facilitates evolution of stronger interactions within 

self-assembling systems such as capsids. These open-ended loops can be 

easily enhanced through serial single-residue extension. Perhaps this ease of 

evolution is why extended arm lassos are found in both P74-26 and 

herpesviruses. These extended lassos are similar to N- and C- terminal 

extensions that mediate assembly in other viruses (i.e. C-terminal extensions in 

SV40 capsid coat proteins (Stehle et al., 1996)). We anticipate that these types 

of extended lassos can be useful for engineering more stable capsids and other 

self-assembling particles. 



137 

 

Another advantage of the lasso architecture is that it can adopt a less 

extended conformation. P74-26 MCP has two lassos on either end of the HK97 

fold, both of which are presumably present in the much smaller procapsid. By 

using these lasso structures, P74-26 can retain high stability, while providing 

conformational flexibility to expand during maturation. We hypothesize that the 

lassos are less extended in the procapsid; upon capsid expansion, the lassos 

reach their full extension, where they lock into place. The full extension observed 

in the mature capsid would provide tensional integrity, as we discuss below.  

P74-26 uses interweaved flaps to topologically stabilize inter-capsomer 

contacts. The T-loop stabilizes inter-capsomer interactions by inserting into a 

groove on the P-domain of an MCP subunit in a neighboring capsomer. These T-

loop interactions are found ringing the three-fold/quasi-three-fold axes along the 

inside face of the capsid (Figure 3.11B,E). Similarly, the inter-capsomer two-

fold/quasi-two-fold interactions are stabilized on the outside face of the capsid by 

the interleaved arrangement of the N-arms (Figure 3.11C,D). These overlapping 

structures resemble the interleaved arrangement of flaps in the top of a moving 

box. In this manner, the outside and inside faces of the capsid are stabilized by 

two separate interleaving flap interactions. We propose the ‘moving box’ 

arrangements seen at symmetry and quasi-symmetry axes greatly strengthens 

the capsid against internal pressure because they are topologically challenging to 

disrupt. However, these arrangements are also presumably challenging to 
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assemble, which raises the important question of how the P74-26 capsid 

assembles with an interleaved architecture.  

 

A cage of decoration proteins stabilizes the mature capsid 

Decoration proteins increase capsid stability (Hernando-Pérez et al., 2014; 

Lander et al., 2008; Yang et al., 2008), although additional roles have been 

postulated (Newcomer et al., 2019). The three-fold/quasi-three-fold axes are 

stabilized by the DecP74-26 trimer. Compared to mesophilic Caudoviruses, the 

DecP74-26 trimer interacts with more subunits across a much larger interaction 

area (Figure 3.12A). The total interaction area per DecP74-26 subunit is quite 

remarkable: ~4100 Å2 for a 146-residue protein. Our previous study showed that 

DecP74-26 is substantially more stable than its mesophilic homologs, and this 

stabilization is primarily through formation of an extraordinarily tight trimer 

(Chapter II; Stone et al., 2018). However, the trimerization interactions only 

account for a small fraction of the total DecP74-26 interaction area (~18% of the 

total interaction area per DecP74-26 subunit). This suggests that the DecP74-26 

interaction with the capsid contributes a substantial amount of stability. 

Interactions between DecP74-26 trimers forms a ‘cage’ holding the capsid 

together (Figure 3.12B). This arrangement is unique to P74-26. For example, 

phages Lambda and TW1 use a very similar Decoration Protein fold (Stone et al., 

2018), but the interaction of their Dec-arm with other capsid proteins is much 
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more limited (Lander et al., 2008; Wang et al., 2017). Furthermore, the unrelated 

decoration protein of phage L does not connect with neighboring trimers, and in 

fact is missing at the quasi-three-fold axes (Newcomer et al., 2019). T4 phage is 

decorated with the Soc protein that interacts with neighboring Soc subunits at the 

three-fold and quasi-three-fold axes; however, Soc is present in relatively low 

occupancy (~50%), so the cage is incomplete (Chen et al., 2017). Because 

decoration proteins are usually absent in the procapsid (Lander et al., 2008), we 

expect that the DecP74-26 cage would assemble cooperatively upon capsid 

expansion to stabilize the capsid. Future experiments will interrogate the role of 

cooperativity in assembly and stability. 

 

A tensegrity mechanism for enhancing capsid stability 

How do forces from internal pressure act on the capsid, and how does the 

capsid architecture resist these stresses? If we assume that the pressure from 

encapsulated DNA is distributed uniformly around the isometric capsid, then all 

points on the capsid experience a vector of force that is perpendicular to the 

surface of the capsid. By analogy, the capsid is experiencing forces that are 

similar to those of a balloon. Thus, the internal pressure causes lateral stresses 

on capsid interactions. While the high internal pressure exhibited by the phage 

challenges capsid stability, it may allow for stability mechanisms that rely on 

tensegrity. It is possible that the internal pressure can be harnessed to produce a  
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Figure 3.15. Mechanisms for increasing capsid capacity.  
A) P74-26 adopts a novel mechanism for enhancing capsid capacity by increasing the 
size of capsomers, while retaining T=7 geometry. 
B and C) Schematic representation of the faces of a T=7 (A) and T=9 (B) icosahedron. 
T=7 viruses consist of equivalent pentons as well as equivalent hexons, which adopt a 
‘single pucker’ conformation. In T=9 viruses, two hexon conformations, ‘winged’ and ‘flat’ 
are required to form the larger capsid assembly. Adapted from Mannige, et al, PLoS One, 
2010. 
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particle stabilized by the stress on the individual subunits. In support of 

this, picornavirus capsids, which contend with considerably less internal 

pressure, can be stabilized by minor modifications to the capsid (Wang et al., 

2015). 

The architecture of the P74-26 capsid is constructed to withstand lateral 

stress through tensional integrity. Tensional integrity, or tensegrity, is a 

generalized mechanism for architectural stability that involves structured regions 

held together by a network of flexible elements that are under continuous tension 

(Fuller, 1961). In the P74-26 capsid, the A- and P-domains are the structured 

regions, and the lassos and extended arms are the flexible elements that 

transmit tension. For example, the E-loop lasso will become taut against the 

‘hitching post’ formed by the G-loop and the P-domain of the neighbor. Likewise, 

the N-arm forms a lasso whose end is held in place by the S-loop that locks into 

the groove between the forearm and hand (Figure 3.10C). Thus, we predict that 

the S-loop will exhibit the hallmarks of a ‘catch bond’, a non-covalent bond that 

becomes stronger under tension (Dembo et al., 1988). Furthermore, the P74-26 

capsid contains several flaps that interleave with each other. These interactions 

would topologically resist the lateral and longitudinal stresses of internal 

pressure. As a whole, these lasso and flap elements use tension to resist 

structural failure of the capsid. The tensegrity mechanism observed here is 

simply a more elaborate example of capsid tensegrity suggested by Caspar 

many years ago (Caspar, 1980). 
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The lasso, flap, and arm interactions are positioned such that the internal 

pressure distributes the stress across multiple bonds. For example, the E-loop β-

sheet experiences forces along the axis of the sheet. Thus, all bonds holding the 

sheet together are under stress rather than the orthogonal geometry in which the 

stress is just on the bonds at the end of the sheet. Capsid failure would require 

simultaneous disruption of many bonds (a ‘shearing’ geometry), rather than an 

unzipping geometry in which the bonds rupture one at a time (Rohs et al., 1999). 

Pioneering single molecule studies have shown that a shearing geometry 

requires much higher forces to disrupt than when forces act in an unzipping 

geometry (Guinn et al., 2015; Jagannathan et al., 2012; Wang et al., 2013). 

Thus, the P74-26 capsid is constructed such that lateral forces act in a shearing 

geometry, resulting in high tensegrity. 

 

Mechanisms for altering capsid capacity 

The capsid of P74-26 is larger than in most Caudoviruses, which 

correlates with its abnormally large genome. Most T=7 Caudoviruses have 

genome sizes between 30 and 50 kb (Table 3.2), while phage P74-26’s genome 

is nearly twice as long at 83 kb (Minakhin et al., 2008). Based on genome size 

we had predicted that the capsid would be T=12 (average genome size ~80kb 

(Lander et al., 2012)), although T=9 or T=13 would have been possible (average 

genome size ~70kb or ~120kb, respectively). The P74-26 capsid attains this 
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larger size by significantly increasing the capsomer size rather than changing the 

icosahedral complexity. The capsomer is larger because the P74-26 MCP covers 

more surface area than normal, despite a typical length for MCP. Consequently, 

the capsomer is slightly thinner than normal (Figure 3.7B). Thus, the number of 

residues in MCP does not predict total area covered, and genome size does not 

predict triangulation number.  

Recently, Bayfield et al. determined the structure of a closely related T=7 

thermophilic phage, which similarly uses enlarged capsomers to increase capsid 

capacity (Bayfield et al., 2019). To our knowledge, this is a new mechanism for 

increasing capsid capacity. There are two classic mechanisms for enlarging a 

capsid: 1) increasing the triangulation number, and 2) conversion of an isometric 

to prolate head. In the first case, hexons are added across all faces of the capsid, 

whereas in the second, hexons are added across ten of the icosahedral faces 

such that the capsid is elongated in one dimension (Figure 3.15A). In both cases, 

the capsomers remain the same size. Here, we have identified a third 

mechanism for evolution of a larger capsid: increasing the size of the capsomer. 

These three mechanisms have very different evolutionary barriers. The 

two classical mechanisms can be implemented through simple mutations and 

have been observed numerous times. In many viruses, simple point mutations 

modify the triangulation number (Butan et al., 2010; Ferreira et al., 2003; Fiedler 

et al., 2012). Furthermore, the triangulation number of some capsids can be 

altered without changing MCP sequence (Allison et al., 2003; Crowther et al., 
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1994; Dearborn et al., 2017). Likewise, single point mutations in T4 phage 

convert the capsid from prolate to isometric or generate ‘giant’ heads in which the 

long axis of the prolate head is lengthened (Doermann et al., 1973; Eiserling et 

al., 1970). Therefore, the evolutionary barriers for altering capsid volume through 

the two classical mechanisms appear to be quite low. In contrast, the enlarged 

capsomer strategy identified here requires multiple, extensive alterations to the 

sequences of capsid proteins. The larger P74-26 capsid necessitates large 

changes to the eight separate modifications to the MCP structure, as well as the 

Dec-arm (Figure 3.5A,B; Figure 3.7C,D). This begs the question: why did phage 

P74-26 utilize this seemingly more challenging evolutionary strategy rather than 

the ‘easier’, classical strategies? What constraints prevented evolution of a larger 

capsid through the classical routes?  

Our first hypothesis is that the lassos, flaps, and arms stabilizing the P74-

26 capsid require a larger capsomer for function. It is possible that the lassos 

need extra space to open enough for a ‘hitching post’ structure to insert. 

Likewise, the flaps and arms may require a certain length to elicit their stabilizing 

activity. If this were the case, then the architectural elements stabilizing the 

capsid require larger than normal capsomers. In this scenario, the larger 

capsomer is the selected structural feature and the T=7 geometry is a spandrel: a 

biological structure that is a byproduct of evolution rather than a result of direct 

selection (Gould and Lewontin, 1979). However, we do not favor this hypothesis 

because lassos are found in herpesviruses, in which the HK97 fold is a typical 
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size. (Herpesvirus MCPs have several other ‘tower’ domains that increase size, 

but these domains are not part of the main capsid ‘floor’ and do not contribute to 

the HK97 fold (Yu et al., 2017)). Furthermore, other Caudovirus MCPs contain 

long N-arms (e.g. Sf6 phage (Zhao et al., 2017)) or E-loops that are opened 

nearly as wide as P74-26 (e.g. P22 phage (Hryc et al., 2017), but these proteins 

are of typical size. Nonetheless, this hypothesis remains untested.  

A second hypothesis is that the genome size and capsid capacity 

coevolved through small concomitant increases. If the ancestral phage evolved a 

slightly larger genome than can be accommodated in the capsid, then there may 

be selective pressure for a slightly larger capsid. Increasing T number or 

transition to a prolate head substantially increases the capsid volume, resulting in 

large drops in internal pressure. These transitions may be discouraged because 

internal pressure needs to be maintained for infection (Bauer and Evilevitch, 

2015). To avoid large changes in internal pressure, larger capsomers may slowly 

coevolve with a larger genome. 

Our final hypothesis is that capsid geometry has a direct effect on overall 

capsid stability. We hypothesize that the T=7 geometry is inherently more stable 

than higher triangulation numbers due to variable conformations of hexons. All 

capsids that are T=9 or higher have more than one type of hexon present, while 

all capsids T≤7 have exactly one type of hexon (except T=1, which has no 

hexons; (Mannige and Brooks, 2009; 2010)). For example, T=7 has a ‘single-

pucker’ hexon conformation, while T=9 has both winged and flat hexons (Figure 
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3.15B,C). We also note that prolate capsids have multiple types of hexons 

(generally three or more hexon conformations; Figure 3.15A). Thus, major capsid 

proteins in T>7 viruses must accommodate the hexon conformational 

heterogeneity, which may adversely affect stability. 

We hypothesize that T=7 geometry is the highest complexity (i.e. largest 

size) that is inherently stable. More complex geometries would introduce 

instability through variation in hexon conformation. This inherent instability may 

require extra stabilization mechanisms to mitigate, such as decoration proteins to 

cement the structure in place. We envision two non-mutually exclusive 

disadvantages of T>7 geometry. First, each of the separate hexon conformations 

must remain functional and stable, which would constrain evolution of MCP 

proteins for greater stability. The second benefit is that a lower triangulation 

number results in fewer subunit-subunit interfaces, thus minimizing the number of 

weak points in the capsid. In support of this hypothesis, the extremophilic, 

archaeal virus HSTV-2 (Halorubrum sodomense tailed virus 2) packages its ~68 

kb genome into a T=7 head (Pietilä et al., 2013). HSTV-2 utilizes a larger-than-

normal capsid, and also has trimer decoration proteins that sit at the three-

fold/quasi-three-fold axes. The fact that this mechanism for capsid enlargement 

has only been observed in extremophiles supports the idea that T=7 geometry 

has a beneficial effect on stability. In further support of our hypothesis, all known 

T>7 capsids use decoration proteins (to our knowledge), while many T=7 viruses 

lack decoration proteins. 
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If various triangulation numbers have different inherent stability, this would 

suggest that each geometry exhibits weak points at different regions of the 

capsid, as has been predicted from theoretical work (Wilson, 2016). We 

hypothesize that the three-fold/quasi-three-fold axes represent the weak points in 

a T=7 lattice. In support of this hypothesis, decoration proteins of T=7 

Caudoviruses are commonly found at the three-fold/quasi-three-fold axes (Table 

3.2) (Lander et al., 2008; Newcomer et al., 2019; Shen et al., 2012; Wang et al., 

2017). Furthermore, these axes are stabilized by covalent cross-links in HK97 

phage (Wikoff et al., 2000) and T-loop flaps in P74-26 (Figure 3.11B). To 

examine this idea further, we note that T=9 phage also use decoration proteins at 

the three-fold axes (Choi et al., 2008; Grose et al., 2014), while T=12 and T=13 

phage use decoration proteins at the centers of capsomers (Effantin et al., 2006; 

Fokine et al., 2004; Lander et al., 2012). 

We note that all of our analysis has primarily focused on Caudoviruses. 

These viruses do not generally break down their capsids as part of their lifecycle, 

so the capsid has no selective pressure to be labile. In fact, the high pressure of 

packaged DNA presents a high selective pressure to evolve stable capsids. It is 

likely that other types of viruses use different stability mechanisms, particularly 

viruses that disassemble their capsids as a necessary part of their lifecycle. 
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Principles of capsid assembly and stability 

 All viruses package their genomes into capsid shells, which protects the 

genetic material from the external environment and ensures robust pathogenicity. 

Capsids are marvels of biological engineering that contend with a wide variety of 

physical stresses, environmental conditions, and conformational changes 

throughout the viral life cycle. In dsDNA viruses, capsids must be flexible enough 

to allow significant conformational heterogeneity during maturation and rigid 

enough to stabilize against high interior pressures caused by the genome 

packaging reaction (Earnshaw and Casjens, 1980). In my thesis, I sought to 

elucidate the molecular mechanisms driving capsid maturation, assembly, and 

stability in dsDNA viruses. For this I used the hyperthermophilic bacteriophage 

P74-26 as a model for understanding capsid thermostability. My work 

characterizes P74-26 capsid subunit stability compared to related mesophilic 

viruses and identifies a number of unique architectural features of the 

thermophilic virion capsid that are critical for global stabilization. Furthermore, my 

work with P74-26 led to the development of novel methods and in vitro assays 

utilizing the capsid machinery, which will be valuable for future studies of virus 

structure and function.  

 In Chapter II, we structurally and biochemically characterize the capsid 

Decoration or ‘Cementing’ protein from P74-26 (DecP74-26). DecP74-26 is 

significantly more stable than mesophilic homologs largely due to an extensive 
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hydrophobic network that persists throughout the trimeric assembly, wherein 

hydrophobic clusters form rings that completely surround the 3-fold capsid axes.  

The Decoration protein structure led to the discovery of the β-tulip domain, a five 

stranded β-barrel domain conserved in mesophilic phage structural elements. 

The β-tulip domain is additionally conserved in Herpesvirus Triplex capsid 

proteins, providing evidence of a shared evolutionary ancestry between 

bacteriophages and human pathogens. The β-tulip domain is additionally found 

in the anti-CRISPR protein AcrIIC1 – a broad-spectrum Cas9 inhibitor – and this 

discovery led to a proposed mechanism for divergent evolution of the inhibitor 

from a viral trimeric structural protein.  

In Chapter III we elucidate the P74-26 capsid architecture to determine the 

structural mechanism of global capsid thermostability. Using single-particle cryo-

EM with imposed icosahedral symmetry we solved the capsid structure to 2.8 Å, 

built a de novo model of the Major Capsid Protein (MCP), and refined the 

structure of the capsid Decoration protein. P74-26 MCP has the conserved 

HK97-fold found in related Caudoviruses, with several extended loops, ‘lassos’ 

and ‘flaps’ that form enhanced topological linkages between capsid subunits and 

stabilize the 2-fold and 3-fold axes formed by interfacing capsomers. 

Furthermore, we elucidate the stability mechanism of the Decoration protein 

trimer, which forms highly-cooperative interactions with MCP subunits 

surrounding the 3-fold/quasi 3-fold axes. These interactions are completely 
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unique to the thermophile and serve to further stabilize highly-pressurized virions 

against extreme temperatures.  

Interestingly, P74-26 exhibits T=7 icosahedral capsid geometry despite 

having a genome nearly twice the length of typical T=7 viruses, enhancing the 

interior volume of the capsid instead by forming larger and flatter capsomers. 

This leads to the assembly of T=7 capsids with nearly twice the interior volume 

compared to related Caudoviruses. From this we form the hypothesis that limiting 

capsid geometry stabilizes P74-26 by limiting the overall complexity of capsid 

assembly. By subverting the incorporation of additional subunits during 

assembly, P74-26 limits the number of 3-fold axes that form potential weak 

points in the capsid shell. Thus, P74-26 enhances thermostability by both 

modulating canonical capsid subunit architecture and constraining icosahedral 

capsid geometry.  

Taken together, this work establishes a robust platform for future studies 

of viral maturation and outlines core principles for increasing capsid stability and 

internal capacity. Phage P74-26 is an incredibly stable virus, and the molecular 

mechanisms I have characterized can be adapted to a broad array of future 

applications for virus particles. The discoveries made in my thesis will be 

valuable for engineering novel particles for in vitro encapsulation, developing 

viral-based nanomaterials, and designing improved viral vectors for therapeutics 

delivery. 
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Future Directions 

There are still a great number of open questions regarding viral maturation in 

dsDNA viruses, and P74-26 in particular, that I was unable to address in the 

span of my thesis research. I outline below several future projects that would 

answer a number of open questions regarding capsid assembly, stability, viral 

maturation, and host-pathogen interactions. In particular, I focus on future 

structural studies and how this work can advance our understanding of capsid 

expansion, DNA ejection, and the genome packaging machinery. Future work will 

also uncover additional key structural features that contribute to virion stability in 

P74-26 and broaden our knowledge of how viruses cope with extreme 

environments. These projects build upon the work I have done to establish P74-

26 as a model system for studying capsid stability, and explore new questions 

regarding a unique thermophilic bacteriophage and the underlying mechanisms 

of viral maturation in all dsDNA viruses.  
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Native capsid architecture 

In order to reveal the structural mechanism of thermostability in the P74-

26 mature virion capsid (Chapter III), particles were icosahedrally averaged 

during the refinement procedure. Using 60-fold icosahedral symmetry to process 

the P74-26 capsid dataset, I could refine the capsid asymmetric unit at high-

resolution using a relatively small set of selected particles. This method is 

commonly used for determining structures of icosahedral viruses, and the high-

order symmetry contributes significantly to the resolution of the capsid shell 

reconstruction (Guo and Jiang, 2014). However, there are non-icosahedral 

structural features of the virion that are averaged out during this procedure and 

are not represented in the final capsid reconstruction, primarily: 1) the unique 

Portal vertex through which DNA enters the capsid, and 2) the capsid interior, 

including the packaged genome housed inside the mature virion. Furthermore, 

the icosahedral reconstruction does not fully represent the true native state of the 

mature virion. Non-icosahedral features can, however be resolved using 

asymmetric or low-symmetry reconstructions of the P74-26 capsid.  

 Asymmetric and low-symmetry reconstructions have proven useful for 

determining structures of mature dsDNA virions (Liu et al., 2019; Parent et al., 

2018; Wang et al., 2018), though final resolution is often significantly lower than 

in high-symmetry reconstruction. Symmetric reconstruction of full mature virions 

is often complicated due to inherent symmetry mismatches between the capsid 

head and the tail assembly. Icosahedral capsids, including P74-26, exhibit 5-fold 
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rotational symmetry. In contrast, the Portal vertex and tail assemblies typically 

exhibit 12-fold or 6-fold rotational symmetry. An asymmetric or low-symmetry 

reconstruction of the P74-26 capsid coupled with the Portal/neck region will not 

only reveal the architecture of the DNA ejection apparatus, but will also further 

our understanding of the role of capsid subunits in the context of the native virion. 

Symmetric reconstruction with 6-fold symmetry imposed is likely the best method 

for determining a high-resolution reconstruction of the P74-26 neck region. In this 

case, a focus mask including the features of the unique capsid vertex would be 

used to exclude capsid features. This would limit bias from the 5-fold symmetry 

of the head and yield a representative reconstruction of the neck region. Low-

symmetry and masked reconstructions have been successful in both 

Caudoviruses and Herpesviruses, providing insight into the mechanisms of 

genome packaging and DNA ejection (Chang et al., 2005; McElwee et al., 2018; 

Tang et al., 2006) 

One other intriguing prospect is elucidating the structure of the mature 

virion capsid interior. While the icosahedral reconstruction provides some 

evidence of interior genome organization, this density is difficult to interpret 

meaningfully due to the symmetry imposed during refinement. Furthermore, it 

remains unclear whether P74-26 contains any additional protein components 

within the capsid. However, preliminary cryo-EM micrographs suggest the 

presence of a packaged protein using a technique known as “bubblegrams”. 

Briefly, slight overexposure of cryo-EM samples (higher electron dose) causes 
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protein within the capsid to bubble from radiation damage, while the capsid 

protein shell and packaged genome are largely unaffected (Wu et al., 2012). In 

P74-26, we see this bubbling effect occur at the tail vertex, and the opposite 

polar vertex of the virion (i.e. the “top” of the virion; Figure 4.1). The density 

exposed at the tail vertex of the capsid likely corresponds to the interior portion of 

the Portal/neck assembly, but the density at the polar vertex remains 

unaccounted for. These preliminary results indicate that protein may be 

packaged along with genomic DNA into the capsid. This is not entirely 

unexpected, as some viruses such as Hepatitis B Virus package polymerase 

polypeptides along with the viral genome (Selzer and Zlotnick, 2015; Wang et al., 

2014). It is also possible that the bubbling at the polar vertex is an artifact of 

genome organization within the capsid. Further experimentation will be 

necessary to characterize the capsid features causing the bubblegrams in P74-

26. 

For the capsid interior asymmetric reconstruction, the capsid outer shell 

would be excluded from refinement using a mask created from the virion capsid 

shell structure. Thus, the outer capsid features will not dominate particle 

orientation, and genomic DNA and any additional protein components inside the 

head can be resolved without significant bias. In dsDNA viruses, the genome 

typically adopts a single-spooled conformation within the capsid shell, coiling 

against the capsid interior surface upon entry (Black, 1989; Cerritelli et al., 1997; 

Jiang et al., 2006; Lepault et al., 1987). As DNA continuously enters the capsid, 
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layers form wherein the genome becomes progressively less ordered toward the 

center of the particle. Thus, genome organization can be resolved layer-by-layer 

moving toward the center of the virion capsid (Ilca et al., 2019; Koning et al., 

2016; Liu et al., 2019), progressively masking layers of the viral genome. This 

structure will help to elucidate interactions between the genome and the capsid 

shell, and provide valuable insight into how dsDNA is compressed to near-

crystalline density within the virion.  

While still technically challenging these capsid structures can be 

elucidated using the sample preparation procedure described in Chapter III, 

subverting additional specimen optimization. It is also possible to reprocess 

preexisting datasets used previously for icosahedral refinement. The 

micrographs used for icosahedral refinement feature closely-packed P74-26 

capsids which could be reprocessed as described above without imposed 

symmetry (Figure 4.2A). In order to achieve mid- to high-resolution structural 

information, it will likely be necessary to collect larger datasets with more 

particles suitable for refining capsid substructures. The other major limiting factor 

in obtaining these reconstructions is the computational power required to process 

virus particles without high-symmetry. While still feasible, asymmetric 

reconstructions of large datasets featuring large P74-26 particles will require 

allocation of significantly more computational resources and time compared to 

icosahedral reconstruction. 
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Figure 4.1. Overexposure of P74-26 virions suggests the presence of an interior 
capsid protein.  Limited overexposure to the electron beam generates ‘bubblegrams’ in 
P74-26 samples frozen in vitreous ice. Bubblegrams reveal localized puncta of radiation 
damage at the tail vertex and opposite pole (white arrows) suggesting the mature virion 
capsid may include a packaged protein component.  
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The P74-26 tail assembly 

 Nearly all bacterial viruses possess a tail that is essential for recognition of 

the host cell surface and ejection of DNA from the capsid into the host cell 

cytoplasm (Molineux, 2006). The tail attaches to the Portal vertex of the capsid 

following genome packaging, generating an infectious virion. At the far end of the 

tail fiber sits the baseplate, a macromolecular claw-like protrusion primed for host 

cellular attachment. Attachment of baseplate to the host cell triggers a signal 

cascade that travels through the tail tube and to the capsid to signal ejection 

(Davidson, et al., 2011).  

P74-26 is a Siphovirus with a flexible non-contractile tail, which is the 

longest known tail of any virus; nearly 1 µm long at full extension (Minakhin et al., 

2008). A tail of such size is counterintuitive, as we predict the significant length 

would negatively impact efficiency of DNA ejection and virion stability. We also 

do not currently know why P74-26 tails are significantly longer than tails found in 

related viruses and thus, the evolutionary advantage of a long tail and the 

mechanism of DNA ejection through the tail tube remain poorly understood. 

Structural characterization using cryo-EM will lead to a better understanding of 

the molecular mechanisms of host cell infection, DNA ejection, and signal 

transduction in P74-26. Ideally, it would be beneficial to structurally characterize 

the tail assembly both pre- and post-ejection in order to map conformational 

changes caused by the infection mechanism. The samples used above for 

capsid reconstruction reflect a pre-ejection state, as the mature virions are 
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poised for host cellular attachment. Isolation of post-ejection tail complexes 

suitable for cryo-EM may prove difficult. While possible to optimize purification of 

viral particles in a post-ejection state, it is also possible to induce this 

conformational switch in vitro. In mesophilic phage, addition of lipopolysaccharide 

(LPS) and/or other cellular membrane proteins to purified virions induces DNA 

ejection (Andres et al., 2010; Jin et al., 2016). A similar approach could be used 

to induce ejection in P74-26. We do not currently know precisely what host 

factors are critical for attachment to Thermus thermophilus, as no LPS exists in 

the host strain HB8 (Suda et al., 2012). Previous characterization of glycolipids 

present in the cell membrane does, however, identify a number of putative host 

attachment factors (Suda et al., 2012). Nevertheless, structural characterization 

of the tail complex will help to elucidate the mechanisms of cell recognition and 

the signal cascade leading to DNA ejection.  

The P74-26 tail primarily consists of the tail tube protein (TTP). The tail is 

non-contractile and likely comprised of stacked rings of TTP oligomers rather 

than forming a helical filament (Davidson, et al., 2011). In other Siphoviruses, the 

TTP typically forms hexameric rings (Fokine and Rossmann, 2014). As such, the 

best single-particle cryo-EM reconstruction approach would use rotational 

symmetry (i.e. 6-fold symmetry) to achieve the highest possible resolution. 

Reconstructions of the tail tube and baseplate structures pose unique challenges 

compared to the capsid reconstructions described above. First, sample 

preparations and previously collected datasets for capsid reconstructions are not 
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suitable for tail reconstruction. While the virions do have intact tails, these 

samples are optimized to produce highly concentrated close-packed virus 

capsids and as a result the tails aggregate, preventing clear selection of tail 

segments or baseplates for reconstruction. Future data collection for tail tube and 

baseplate structures may require significant dilution and further buffer 

optimization compared to datasets used for capsid reconstructions (Figure 4.2B). 

The tail also has significant flexibility, making reconstruction of the tail tube 

difficult. For this it will likely be necessary to reconstruct a small section of the tail 

tube using a focus mask consisting of only a few (optimally 3-5) layers of stacked 

oligomers. This would alleviate significant conformational heterogeneity caused 

by extreme flexibility throughout the tail structure.  

Additionally, it will be difficult to amass a large dataset of baseplate 

particles given the significant length of the tail in P74-26. At full extension, the tail 

is nearly 1 µm long, which is wider than a recorded micrograph at a typical 

magnification used for data collection. Future experiments will be necessary to 

determine the most efficient method for specimen optimization. For these 

reconstructions it may also be beneficial to prepare samples for cryo-EM using 

purified P74-26 tails in the absence of capsid. We can isolate the tails from high-

titer phage stocks grown in Thermus thermophilus. Tails are preassembled 

concurrent with procapsids during viral maturation, and we can separate the 

virion precursor components using sucrose gradient separation. 
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Alternatively, we can structurally characterize host cell infection using 

cryoelectron tomography (cryo-ET). In tomography, samples are imaged at 

progressive tilt angles to form a 3D representation of a single specimen rather 

than averaging a large number of 2D particle images (Ericus et al., 2015; 

Subramaniam et al., 2007). This technique could be applied to P74-26 infections 

in Thermus thermophilus to map conformational changes of the tail complex 

during infection, while avoiding the limitations of a single-particle approach 

outlined above. Recent work with the Podovirus P22 uses a similar cryo-ET 

method to elucidate the mechanism of host cell attachment and DNA injection 

(Wang et al., 2019). Furthermore, this emerging technique can offer valuable 

insight into virus maturation within the host cell with respect to viral protein 

interactions with cellular architecture and native assembly within the host 

cytoplasm (Cope et al., 2011; Iwasaki et al., 2010).  
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Figure 4.2. Cryo-EM sample preparation of P74-26 mature virions. 
A) Representative micrograph used for icosahedral reconstruction in Chapter III. Virion 
tails aggregate at high concentrations, making the dataset unsuitable for tail tube and 
baseplate reconstructions.  
B) At lower concentrations tail fibers are less prone to aggregation, which may be 
advantageous for selection of tail tube sections and tail baseplate structures. Tail fiber 
flexibility may also hinder 3D reconstruction efforts 
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Capsid maturation intermediates 

 The work presented in this thesis primarily focuses on capsid structure 

and stability of mature, DNA-filled virions. This provides only a static view at a 

single stage in the viral life cycle, but capsids are dynamic particles that undergo 

large conformational changes during maturation (Catalano, 2005). With our P74-

26 particle purification protocol, we have the ability to further probe the capsid 

expansion mechanism by elucidating structures of capsid intermediates. 

Purification from high-yield phage stocks generates highly-pure P74-26 virions 

and procapsids suitable for cryo-EM. Isolated procapsids are native, fully-

functional particles suitable for genome packaging (see Appendix II; Figure 2.2, 

2.3) and viable candidates for single-particle cryo-EM. Recently, Bayfield et al. 

determined cryo-EM reconstructions of the procapsid and expanded head of a 

closely-related thermophilic phage (Bayfield et al., 2019). Using a similar 

approach, we can determine high-resolution structures of P74-26 procapsids, 

and can map the conformational changes between the procapsid and mature 

virion in extreme detail.  

Additionally, we can also determine high-resolution structure of 

intermediate expanded, empty capsids. Procapsid particles in other 

Caudoviruses can be expanded in vitro using mild denaturants to generate a 

large population of expanded empty heads that lack the interior Scaffolding 

protein (Tuma et al., 1998). A similar approach could be used to generate 

expanded heads in P74-26 without causing significant damage to the capsid 
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assembly overall. Expanded heads have an icosahedral morphology, and 

resemble the mature virion capsid in both size and shape, but do not contain 

packaged DNA. Comparison of the expanded empty and mature virion capsid 

structures would allow for further exploration of the capsid stability mechanism 

outlined in Chapter III. We pose the hypothesis that the immense pressure 

caused by the tightly-packaged DNA within P74-26 capsids served to strengthen 

the overall stability of the capsid. Using high-resolution structures of expanded 

capsids with and without packaged DNA, it is possible to discern differences in 

conformation caused by interior capsid pressure and further examine the role 

tensegrity plays in stabilizing the capsid.  

As with the mature virion cryo-EM reconstructions, the procapsid and 

expanded head reconstructions can be performed with or without imposed 

symmetry. In a similar manner, icosahedrally averaged reconstructions can 

provide near-atomic resolution details regarding subunit-subunit interactions 

across the capsid surface. Asymmetric or low-symmetry reconstructions will 

again be more technically challenging and computationally demanding, but could 

help to reveal details about how significant conformational changes during capsid 

expansion impact subunit interactions at the Portal vertex.  

Preliminary experiments show P74-26 procapsids remain intact and retain 

their spherical unexpanded shape when frozen in vitreous ice. Procapsids and 

expanded heads will require further sample optimization to produce quality 

samples for high-throughput data collection. Particle density and dispersity is 
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lower than expected when compared to virion sample preparation. Different 

buffer conditions (i.e. detergents) and EM grid preparations will need to be 

screened and significantly improved to create monodisperse samples or close-

packed procapsid and expanded head particles suitable for data collection.  
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Capsid packaging machinery 

 Viral genome packaging is critical for the generation of infectious mature 

virions. However, little is known about the precise interactions between the 

packaging machinery and genomic DNA during active packaging. Previous 

studies have proposed several different mechanisms for DNA translocation by 

the Large Terminase motor (TerL) in several model systems (Dixit et al., 2012; 

Hilbert et al., 2015; Ray et al., 2010; Sun et al., 2008). One such model is the so-

called DNA ‘crunching’ model, wherein the translocation machinery compresses 

incoming DNA and abrogates the canonical B-form double helix during genome 

packaging (Harvey, 2015; Ray et al., 2010). Alternatively, our lab previously 

proposed a ‘lever’ mechanism in P74-26, in which conformational switching in the 

ATPase domain of TerL generates the force required for translocation (Hilbert et 

al., 2015). High-resolution structure determination of a stalled, actively-packaging 

procapsid will help to elucidate the precise mechanism of DNA translocation in 

P74-26 and identify any DNA conformational changes made during genome 

packaging.  

The in vitro packaging assay I developed in P74-26 (Appendix II) lends 

itself to future structural studies of the genome packaging mechanism. For the in 

vitro packaging assay, purified procapsids and TerL are mixed with DNA 

substrate in the presence of ATP. This minimal complex is sufficient for 

packaging DNA in vitro, and can be used to generate viable targets for structural 

characterization.  
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 As described above, asymmetric and low-symmetry cryoEM 

reconstructions would also be necessary for elucidating structures of the 

packaging machinery. In this particular case, native procapsids would be 

combined with TerL, DNA, and/or the regulatory small terminase subunit (TerS) 

to form an active packaging complex. It is possible to generate ‘Y-shaped’ or 

forked DNA constructs that will stall the packaging reaction, locking the complex 

in an active conformation (Black and Rao, 2012; Ray et al., 2010). A similar DNA 

substrate design could be used to stall P74-26 packaging. Stalled complexes 

could then be structurally characterized using a single-particle cryo-EM 

approach. Alternatively, incubation at low temperature where packaging occurs 

at a significantly slower rate (see Appendix II; Figure A2.3) would allow for 

trapping a packaging motor unperturbed by mechanical blocks. For this project, 

packaging reaction conditions, DNA construct design, and sample conditions for 

EM will require significant optimization.  
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In vitro assembly of P74-26 

 Capsid assembly is a highly-regulated process. Complex protein-protein 

interactions and assembly of capsid substructures must be properly mediated to 

generate homogeneous capsids with high fidelity. The work presented in 

Appendix I seeks to elucidate the capsid assembly mechanism using a fully-

reconstituted in vitro assembly assay in P74-26. A functional in vitro 

reconstitution system would be a valuable tool with which to study capsid stability 

and maturation and can be exploited for a wide array of therapeutic and materials 

science applications. 

P74-26 MCP recombinantly expressed and purified from E. coli has a 

propensity for spontaneous self-assembly into procapsid-like particles consistent 

in size with native procapsids. This occurs without an interior scaffolding 

component, which, to our knowledge, is unique amongst Caudoviruses as an 

additional scaffolding protein or domain is typically required for assembly of 

procapsid-like particles in vitro (Huet et al., 2010; Spilman et al., 2013). While 

spontaneous assembly of freshly-purified MCP was inefficient (~1% total mass 

assembled), incubation at high temperature favors assembly with nearly 70% 

efficiency.  

 Though assembly of MCP in vitro is an exciting prospect on its own, 

it will be beneficial in the future to reconstitute procapsid-like particles that 

incorporate both the Scaffolding protein and Portal. Portal nucleates assembly by 
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recruiting Scaffolding protein, leading to construction of the procapsid in vivo. 

Recent work using phage P22 demonstrated that Portal can be incorporated into 

procapsid-like particles assembled in vitro, similarly nucleating capsid 

construction and forming homogeneous particles (Motwani and Teschke, 2019). 

The major developmental limitation of the P74-26 assembly model is that we 

cannot currently express the Scaffolding protein by conventional methods in E. 

coli, as we can with other capsid structural components. Coexpression with MCP 

or additional capsid components may be necessary to sequester the Scaffolding 

protein into assembling capsids, avoiding potential cell toxicity or aggregation 

issues. It may also be beneficial to express the Scaffolding protein in the host 

strain by generating constructs in vectors designed for constitutive expression in 

Thermus thermophilus. Future experiments will also be necessary to optimize 

incorporation of additional capsid components into the particle assembly.  

With these core capsid structural elements, it is possible to reconstitute 

packaging-competent procapsids solely using recombinant protein. With an in 

vitro assembly assay capable of generating functional procapsids it will be 

possible to further examine structure-function relationships in the capsid and 

identify interactions critical for assembly. In vitro reconstitution will provide a 

method to introduce mutations and modulations to capsid components without a 

prerequisite established genetic system in P74-26.  

 An in vitro assembly assay in P74-26 would additionally have a number of 

applications in the future development of therapeutic strategies and novel 
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engineered nanomaterials. Viruses and virus-like particles have been used 

extensively as nanocontainers, nanoreactors, and delivery vehicles with a 

diverse range of cargoes (de la Escosura et al., 2009; Minten et al., 2009; 

Patterson et al., 2014; Uchida et al., 2007). The thermostability of P74-26 would 

be a significant advantage in developing it for future uses in a laboratory setting. 

Regardless of successful incorporation of additional capsid components, 

optimized self-assembly of MCP alone still provides a powerful tool that can be 

adapted to encapsulate desired cargo in thermostable procapsid-like particles. 
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Novel in vitro assays to study terminase motor function 

The work presented in Appendices II and III describes novel approaches 

to monitor P74-26 procapsid packaging and terminase motor translocation in 

vitro. Our lab has extensively characterized the P74-26 packaging ATPase 

motor, TerL (Hilbert et al., 2015; Hilbert et al., 2017). This work identified 

residues critical for ATP hydrolysis and DNA binding, and proposed a 

mechanism for DNA translocation. While we have studied ATP hydrolysis and 

DNA binding in vitro, we currently lack robust methods for probing the 

mechanistic details of translocation and genome packaging. 

With a small amount of additional optimization, these novel in vitro assays 

I have established using P74-26 can be used to test hypotheses regarding the 

terminase motor mechanism and structure-function relationships using partially 

and fully assembled packaging complexes. Future adaptation of this work will 

lead to the development of powerful single-molecule assays that can parse 

mechanistic details of the packaging reaction on biologically relevant timescales.  

 The in vitro packaging assay described in Appendix II is fully functional, 

and can be used in its current state to probe TerL function in complex with the 

procapsid (Figure A2.1). Previously characterized mutants that inhibit ATP 

hydrolysis or DNA binding are easily substituted for wild-type TerL in the 

packaging reaction, providing a rapid method for characterizing critical residues 

in the context of active packaging. This assay can also be adapted to single-
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molecule formats to determine how TerL converts ATP hydrolysis into 

mechanical motion, pumping DNA into the capsid shell. Fluorescently-labeled 

DNA fragments could be used to monitor individual packaging events to measure 

kinetics of initiation and packaging. The force generation mechanism of the 

terminase motor can likewise be studied on the single-molecule level using 

optical tweezer experiments. For these experiments, immunolabeled procapsid 

and DNA are attached to small beads captured in an optical laser trap. The 

beads are brought close together in a flowcell containing ATP to initiate 

packaging. Then, the beads are separated to create tension on the DNA strand. 

As packaging commences, DNA length and motor stalling force can then be 

measured over time to determine force generation and kinetics of packaging 

(Figure 4.3; Smith, 2011).  

 The novel triplex dissociation assay described in Appendix III will require 

further optimization prior to use in functionally characterizing TerL. In this assay, 

TerL translocation is monitored via dissociation of a fluorescently-labeled triplex 

oligonucleotide probe bound to a dsDNA template (Figure A3.1), similar to 

assays previously developed to study other DNA translocases (Firman and 

Szczelkun, 2000; Graham et al., 2010; McClelland et al., 2005). Dissociation of 

the triplex probe by TerL in the presence of ATP leads to an increase in 

fluorescence (Figure A3.3), but it remains unclear if TerL is actively translocating 

DNA. Preliminary experiments suggest partial recovery of probe fluorescence 

occurs in the presence of ADP and ATP analogs, suggesting DNA binding may 
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be sufficient for triplex dissociation. Future work will be necessary to determine 

whether this assay is a viable method for monitoring DNA translocation. Novel 

dsDNA templates that introduce inhibitory molecular roadblocks can additionally 

be designed to demonstrate directional translocation and determine if this assay 

is functional.   

If proven successful, in vitro DNA translocation can also be adapted to 

single-molecule formats. It is possible to generate dsDNA templates with multiple 

successive triplex binding sites that can be affixed in a flow cell to monitor 

fluorescence changes upon addition of TerL. Unique fluorescent labels can be 

used for multiple triplex oligonucleotides, and thus individual dissociation events 

can be detected in rapid succession to monitor DNA translocation. This approach 

could be adapted similarly to DNA curtain analysis, a promising method for 

monitoring DNA translocation using TIRF microscopy (Figure 4.4; Collins et al., 

2014). Using this approach, thousands of TerL translocation events can be 

monitored concurrently in real-time at the single-molecule level to elucidate DNA 

translocation kinetics. Together, these assays provide powerful tools that will 

further our understanding of the packaging reaction and the mechanism of DNA 

translocation in this unique thermophilic virus.  
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Figure 4.3. Optical trap assay to monitor genome packaging. 
A) The procapsid:terminase complex, and dsDNA substrate are attached to two beads 
both immobilized in optical traps. The beads are brought close together to facilitate 
DNA:terminase motor attachment and initiate DNA packaging.  
B) Following attachment, optical trap beads are then separated to fully extend the DNA 
strand to monitor DNA translocation.  
C) ATP-dependent packaging pulls the beads closer together, which can be used to 
monitor translocation kinetics and the stalling force of the terminase motor.  
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Figure 4.4. Single-molecule triplex dissociation assay.   
A) Substrate DNA with multiple triplex binding sites and uniquely labeled Triplex Forming 
Oligonucleotides (TFOs) is affixed to a lipid bilayer or glass slide in a flow-cell chamber. 
Addition of P74-26 terminase motor and ATP initiates translocation along the dsDNA 
template in a similar manner to DNA curtain analysis.  
B and C) Translocation of the terminase motor along dsDNA sequentially removes the 
fluorescently-labeled TFO triplex probes, causing an increase in fluorescence upon 
dissociation. Sequential dissociation events can be used to study kinetics of terminase 
motor translocation.  
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Concluding remarks 

 This thesis elucidates structural mechanisms of capsid stability in the 

hyperthermophilic bacteriophage P74-26, and establishes a foundation to 

develop novel in vitro tools and techniques for future studies of virus assembly. In 

addition, my work outlines a framework for structural and biochemical 

characterization of P74-26 that can be adapted to answer a number of open 

questions with regard to virion assembly and maturation. Overall, my thesis is an 

exciting beginning to many projects that will further our understanding of these 

mechanisms in dsDNA viruses at the molecular level and continue to inspire 

future researchers to explore the complex nature of viruses.  
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Appendix I 

 

In vitro assembly of P74-26 capsids 
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Introduction 

All viruses encapsulate their genomes in capsid shells comprised of a 

large number of repeating protein subunits, which undergo a complex self-

assembly reaction to generate homogeneous particles with high fidelity 

(Perlmutter and Hagan, 2016; Zlotnick, 2005). This process relies on a small 

number of unique structural proteins to build procapsids suitable for genome 

packaging. Despite the critical role of procapsid assembly in viral maturation, little 

is known about the mechanistic details of the assembly process. Thus, 

understanding the molecular mechanisms driving capsid assembly in vitro is 

critical not only for the treatment of human infections, but also to the 

understanding of complex biological assemblies. 

This appendix highlights my work to establish an in vitro assay with which 

to probe the P74-26 capsid assembly mechanism. P74-26 is a thermophilic virus 

with a marked increase in capsid stability compared to related mesophilic 

viruses, yet it shares a conserved capsid architecture. Furthermore, given the 

enhanced stability of the P74-26 virion demonstrated in Chapters II and III, 

particles assembled in vitro can be engineered and adapted for future use as 

robust nanoparticles and therapeutic delivery vehicles. 
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Materials and Methods 

Cloning, Expression, and Purification of P74-26 capsid components 

P74-26 Major Capsid Protein (MCP; P74-26 gp88) was synthesized by the 

Genscript Corporation and cloned into the pSMT3 vector using BamHI and XhoI 

(New England Biolabs) cut sites within the multiple cloning site. The pSMT3 

vector construct contains a cleavable N-terminal 6X His-SUMO tag (Yunus and 

Lima 2009). Oligonucleotide primers for cloning were ordered from Integrated 

DNA Technologies:  

MCP forward primer: 5’-GATCGGATCCATGCGTGTCCCGATTAAC-3’ 

 MCP reverse primer: 5’-GATCCTCGAGTCACAGTTCGACTTTCGGCGG-3’.  

 P74-26 MCP was expressed in E. coli strain BLR-DE3 cells grown in the 

presence of 30 µg/mL kanamycin in Terrific Broth supplemented with phosphate 

buffer. Cells were grown at 37 ˚C to an OD600 of 0.6-0.8. Cultures were then 

incubated at 4 ˚C for 20 minutes, and expression was induced with the addition 

of 1mM isopropyl-β-d-thiogalactopyranoside (IPTG). Cultures were incubated 

overnight at 18 ˚C, with a final OD600 of 10-11. Following expression, cells were 

then pelleted and resuspended in buffer A (50 mM Tris-HCl pH 7.5, 300 mM KCl, 

20 mM Imidazole, 5 mM 2-mercaptoethanol, 10% (v/v) Glycerol). Cells were then 

flash frozen and stored at -80 ˚C until use. Thawed cells were then lysed via two 

passes through a cell diruptor, and lysate was spun at 20,000 x g for 40 minutes 

to pellet cell debris. The supernatant was then filtered through a 5 µm prefilter 
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and then a 0.45 µm filter, and applied to 2x5mL His-Trap columns (GE) which 

were pre-equilibrated in buffer A. Following protein binding, the column was 

washed with 2 column volumes of buffer A, and then P74-26 MCP was eluted 

with 3 column volumes of buffer B (50 mM Tris-HCl pH 7.5, 300 mM KCl, 500 

mM Imidazole, 5 mM 2-mercaptoethanol). Eluate was dialyzed into buffer A, with 

Ubiquitin-like Protease 1 (ULP1) to cleave the His-SUMO protein tag overnight at 

4 ˚C. Dialyzed, cleaved protein was passed over a fresh pre-equilibrated His-

Trap column to remove the cleaved tag. Cleaved protein was then dialyzed 

overnight into 50 mM Tris-HCl pH 7.5, 150 mM KCl. The dialyzed protein was 

concentrated to 3 mg/mL, flash frozen in liquid nitrogen, and stored at -80 ˚C. 

The P74-26 Decoration protein (P74-26 gp87) was purified using a similar 

protocol, as described previously (Stone et al., 2018; Chapter II).  

 

SEC-MALS 

All tandem Size Exclusion Chromatography – Multi-Angle Light Scattering was 

performed using 100 µL injections at a monomer concentration of 1 mg/mL in 50 

mM Tris-HCl pH 7.5, 150 mM KCl. P74-26 MCP samples were filtered through a 

0.2 µM syringe filter prior to sample injection. The sample elution was monitored 

using a Dawn Heleos-II multi-angle light scattering detector and an Optilab T-rex 

differential refractive index detector (Wyatt Technology). Elution peaks for 
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assembled and monomeric P74-26 MCP were selected and analyzed using the 

ASTRA6 software package (Wyatt Technology). 

 

Electron Microscopy 

Clean carbon-coated 400-mesh copper grids (Electron Microscopy Supply) were 

glow discharged for 1 minute at 60 V using a Pelco easi-glow (Pelco). 3.5 µL 

samples of P74-26 MCP were then applied to glow discharged grids and 

incubated for 30 seconds. Excess buffer was then removed using Whatman filter 

paper, and the grids were then washed three times using 1% Uranyl Acetate 

stain. On the final wash, excess stain was removed and the grids were allowed to 

dry at room temperature prior to imaging. Data was collected using a Philips 

CM120 microscope fitted with a Gatan Orius SC1000A detector. Micrographs 

were collected using the Gatan Digital Micrograph software; magnification 

information is denoted in respective figure legends.  
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Results and Discussion 

Expression and purification of P74-26 capsid structural components 

For this project, I sought to develop an in vitro assembly assay using the 

structural components of P74-26 procapsids and mature virion capsids: Major 

Capsid Protein (MCP), Decoration protein (Dec), Scaffolding protein, and Portal. 

His-tagged constructs of P74-26 MCP, Dec, and Portal express well in E. coli 

and are easily purified from cell lysates (Figure A1.1A). However, we were 

unable to express the Scaffolding protein despite varying expression protocols or 

using different expression constructs. Viral Scaffolding proteins can be difficult to 

recombinantly express, due to their propensity for aggregation when not 

sequestered by MCP for assembly. We also observe no Scaffolding protein 

expression when coexpressed with MCP, a technique which has been used in 

mesophilic virus systems to generate procapsid-like assemblies including the 

interior protein scaffold in vitro (Bazinet and King, 1988; Prevelige et al., 1988; 

Lee and Guo, 1995). The Scaffolding protein is essential for the assembly of 

procapsids suitable for genome packaging and future work will be necessary to 

optimize its expression and purification.  
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Recombinant P74-26 Major Capsid Protein has a propensity for self-

assembly  

 Despite the lack of recombinantly expressed P74-26 Scaffolding protein, 

negative-staining electron microscopy reveals MCP is capable of self-assembly 

in vitro, which to our knowledge is unique to P74-26. Assembly in other dsDNA 

viruses is typically dependent upon interior or exterior scaffolding proteins 

Dokland, 1999; Prevelige and Fane, 2012).  Certain phage coat proteins contain 

a Scaffolding domain (i.e. HK97 delta-domain; Oh et al., 2014), but the interior 

scaffold is still required for assembly.  It is possible that other thermophilic virus 

coat proteins may share this propensity for self-assembly without an interior 

scaffold, though no such examples have yet been characterized.  

P74-26 MCP primarily forms particles of two distinct sizes, both large 

(Figure A1.1B) and small (Figure A1.1C). The larger assembled particles are 

approximately 60 nm in diameter, which is consistent with the size of native P74-

26 procapsids (~62 nm). Interestingly, the smaller particles are approximately 30 

nm in diameter; significantly smaller than expected for P74-26. Though there is 

no interior scaffold guiding assembly, MCP likely still forms particles with inherent 

icosahedral geometry outlined by quasi-equivalence theory (Caspar and Klug, 

1962). Icosahedral viruses have discrete geometric organizations based upon 

the incorporation of additional capsomers in the final assembly, denoted by the 

Triangulation number, T. Our hypothesis is that the large self-assembled MCP 

particles have T=7 geometry, equivalent to the native capsid structure, while the  
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Figure A1.1. Purified P74-26 MCP has a propensity for self-assembly in vitro.  
A) SDS-PAGE gel analysis of purified P74-26 capsid structural proteins; Portal protein, 
Decoration protein (Dec) and Major Capsid Protein (MCP).  
B) Purified MCP stored at -80 ˚C forms procapsid-like particles approximately 60 nm in 
diameter, consistent in size with native T=7 procapsids.  
C) P74-26 MCP also forms capsid-like particles with a smaller diameter, likely sampling 
a smaller icosahedral geometry (i.e. T=4); scale bars, B and C = 100 nm. 
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smaller particles have a lower T number (i.e. T=4) and are comprised of fewer 

MCP subunits. Future studies will be required to determine if self-assembled 

MCP particles have canonical icosahedral geometries.  

We next wanted to characterize the procapsid-like particles and determine 

the efficiency of spontaneous MCP self-assembly using tandem Size-Exclusion 

Chromatography – Multi-Angle Light Scattering (SEC-MALS; Figure A1.2). 

Purified MCP elutes as two major populations; a large early peak corresponding 

to procapsid-like particles and a smaller late peak of unassembled MCP. The 

procapsid-like particles have a hydrodynamic radius (Rh(Q)) of 30.3 nm, which is 

consistent with the previous electron microscopy results. The calculated 

molecular weight of the procapsid-like particle peak is 17.8 MDa roughly similar 

to the predicted molecular weight of a T=7 icosahedron constructed from 420 

total MCP subunits (19.2 MDa). We see no evidence of a distinct peak 

representing the smaller (T=4) particles, as the heterogeneous assembled 

particles likely co-elute. The molecular weight of the unassembled MCP is 

consistent with monomeric P74-26 MCP (46.6 kDa), which accounts for the vast 

majority of MCP in the sample. The large scattering peak only contains ~1% of 

total protein mass, while ~99% of the MCP remains monomeric.  
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Figure A1.2. Spontaneous self-assembly of P74-26 MCP forms procapsid-like 
particles. SEC-MALS analysis of purified MCP shows two discrete populations: 
monomeric MCP (molecular weight denoted in red) and procapsid-like assembled MCP 
(molecular weight denoted in blue). Assembled MCP forms particles consistent in size 
with native P74-26 procapsids (~60 nm in diameter).  
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Optimization of procapsid-like particle assembly of MCP 

Though P74-26 MCP does spontaneously form procapsid-like particles in 

vitro, assembly is unfavorable and MCP is largely monomeric. We next wanted to 

determine if we can induce favorable assembly of MCP. Addition of crowding 

agents commonly used to induce oligomerization of macromolecules (i.e. PEG 

and glycerol) did not have a significant effect on particle assembly. Addition of 5 

or 10 mM CaCl2 had a modest effect on MCP assembly, though procapsid-like 

particles are largely heterogeneous, often forming particles and aggregates 

larger than native T=7 P74-26 capsids. Incubation at high temperatures however, 

did have a significant positive effect on assembly. MCP incubated at 4 ˚C for 6 

hours has a slight improvement on assembly (5% efficiency; Figure A1.3A), 

similarly forming procapsid-like particles of multiple sizes (Figure A1.3B). In 

contrast, 67% of MCP assembles into procapsid-like particles following 

incubation at 50 ˚C for 18 hours (Figure A1.3C). Moreover, heat treated MCP 

assembles into particles consistent in size with native T=7 capsids (Rh(Q): 36.3 

nm) with less variation in particle size (Figure A1.3D). Negative-staining electron 

microscopy shows no evidence of T=4 procapsid-like particle assembly. Thus, 

incubation at high temperature not only significantly improves efficiency of MCP 

assembly, but also decreases particle heterogeneity.  

 The experimental work presented in this appendix centers around self-

assembly of P74-26 MCP in the absence of other capsid proteins. While this 

project establishes P74-26 as a viable platform for building reconstituted particles 
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in vitro that can be used to develop thermostable nanoparticles, it will require 

significant future work to enhance efficiency of assembly. First, successful 

expression (or coexpression with MCP) and purification of the Scaffolding protein 

will be essential for assembly of homogenous particles. MCP assembles without 

scaffold, but even with improved efficiency yields a heterogeneous particle 

population. Incorporation of Portal within procapsid-like particles will likewise be 

necessary for generating packaging-competent particles in vitro, and will aid in 

the assembly of packaging-competent procapsid particles.  
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Figure A1.3. Incubation at high temperature induces favorable assembly of 
capsid-like particles from P74-26 MCP.  
A) SEC-MALS of purified MCP incubated at 4 ˚C shows partial assembly of large, 
capsid-like particles. Molecular weights for assembled (blue) and monomeric (red) MCP 
are consistent with predicted values.  
B) Negative stain electron micrograph showing assembled particles consistent in size 
with native procapsids.  
C) SEC-MALS of purified MCP incubated for 18 hours at 50 ˚C. MCP favorably 
assembles into capsid-like particles.  
D) Representative negative-stain electron micrograph of heat-induced capsid-like 
particle assembly.  
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Appendix II 

 

Development of a P74-26 in vitro packaging assay 
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Introduction 

In vitro packaging assays have been developed in several mesophilic bacteriophage 

systems to probe the genome packaging reaction and study terminase motor function 

(Gope and Serwer, 1983; Dale and Greenaway, 1985; Rao et al., 1992; Droge and 

Tavares, 2000). In general, these in vitro packaging assays employ purified procapsids, 

purified terminase motor or extract, and ATP to package linearized DNA substrate into 

the capsid shell. The in vitro packaging assay is a bulk DNase protection assay, wherein 

DNA packaged into the capsid is protected from subsequent digestion by DNase I. 

Following the packaging reaction, any remaining unpackaged DNA is digested via 

treatment with DNase, while the DNA protected in the capsid remains intact. The 

capsids are then digested, and packaged DNA is analyzed using gel electrophoresis 

(Figure A2.1). This section outlines my preliminary work developing an in vitro packaging 

assay using thermophilic phage P74-26.  
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Figure A2.1. A novel in vitro packaging assay using the hyperthermophilic 
bacteriophage P74-26.  
Purified procapsids, purified terminase motor (TerL), and linearized DNA substrate are 
combined, and the reaction is initiated upon addition of ATP. Reactions are then 
incubated at given temperatures for 2 hours. Following packaging, reactions are treated 
with DNase I to digest any unpackaged DNA. Procapsids are then digested with 
Proteinase K, and protected DNA can be assayed via gel electrophoresis.  
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Materials and Methods 

Purification of P74-26 procapsids  

P74-26 phage stock preparation and initial Cesium Chloride gradient purification 

was performed as previously described in Chapters II and III. For electron 

microscopy and in vitro packaging, procapsids isolated from CsCl gradients 

require further purification. ~1-2 mL of procapsids isolated from CsCl gradients 

(sedimented at 1.3 g/mL CsCl) were dialyzed into 2 L of dialysis buffer (50 mM 

Tris pH 8.0, 10 mM Nacl, 10 mM MgCl2) overnight at 4 ˚C. Dialyzed procapsids 

were then concentrated to 2 mL total volume. Sucrose density gradients were 

assembled in 14 mL ultracentrifuge tubes (Beckman) through repeated flash 

freezing of 2mL steps of 30%, 25%, 20%, 15%, and 10% sucrose in 50 mM Tris 

pH 8.0, 10 mM NaCl, 10 mM MgCl2. Frozen gradients were stored at -20˚ C prior 

to use. Sucrose gradients were allowed to thaw overnight at 4 ˚C prior to 

centrifugation to form continuous density gradients. Procapsids were then added 

and the gradients were spun in a Beckman SW40Ti rotor at 25,000 RPM at 4 ˚C 

for 2 hours. Gradients were divided into 500 µL fractions. Fraction composition 

was analyzed by SDS-PAGE gel analysis, and fractions containing procapsids 

were then pooled and dialyzed into dialysis buffer twice overnight at 4 ˚C. 

Procapsids were concentrated to ~1010 particles per µL (approximated by gel 

densitometry) for in vitro packaging experiments.  
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Negative staining electron microscopy 

In order to ensure the quality of procapsid purification, particles were analyzed by 

negative staining electron microscopy. 3 µL of concentrated procapsids were 

added to carbon-coated 400-mesh copper grids (Electron Microscopy Sciences) 

and incubated for 30 seconds. Excess sample was then blotted off the grid using 

Whatman filter paper. The sample-coated side of the grids was then dipped into 

drops of 1% uranyl acetate stain solution, and excess stain was blotted off. This 

procedure was repeated twice, and then grids were allowed to dry for 1 minute. 

Grids were analyzed on a Philips CM120 120kV microscope equipped with an 

Orius SC1000 detector (Gatan). Images were then collected at 31,000 or 53,000 

X magnification using the Gatan Digital Micrograph software suite.  

 

In vitro packaging assay 

Packaging reactions were set up using ~2x1011 procapsids and 2 µM purified 

large terminase (TerL) or mutant TerL construct in 1X reaction buffer (50 mM Tris 

pH 7.5, 100 mM NaCl, 10 mM MgCl2, 5% w/v polyethylene glycol MW 8000, 3 

mM spermine, 3 mM spermidine, 3 mM putrescine, 3 mM beta-mercaptoethanol). 

The procapsid/TerL mixture was then incubated at 20 ˚C for 30 minutes. 200 ng 

of DNA substrate (pet28 expression plasmid linearized by Sma I restriction 

digestion) was added, and the reactions were initiated with addition of ATP to a 

final concentration of 10 mM. Reactions were then incubated at given 



195 

 

temperatures for 2 hours in a thermalcycler heat block. Following the packaging 

reaction, 5 mg of DNase I was added and reactions were incubated at 37 ˚C for 1 

hour to digest unpackaged DNA substrate. 5 µg of Proteinase K in 0.25 M EDTA, 

2% SDS was then added and packaging reactions were incubated at 65 ˚C for 1 

hour to inactivate DNAse I and digest the procapsids. To assay for packaged 

DNA, reactions were finally run on 1% agarose gels in 1X Tris-Acetate EDTA 

buffer at 70V for approximately 1 hour.  

 

 

 

 

 

 

 

 

 

 

 

 



196 

 

Results and Discussion 

Purification and characterization of P74-26 procapsids  

 The most critical component of the in vitro packaging assay is highly-pure 

procapsid particles suitable for packaging. Currently, there is no established P74-

26 genetic system, which would allow us to generate packaging mutants to 

cause accumulation of procapsids during infection. Alternatively, I developed a 

two-stage density gradient purification protocol to isolate native P74-26 

procapsids from wild-type phage infections. In vivo, both procapsids and phage 

tails are preassembled prior to genome packaging (Catalano, 2005). Thus in a 

live phage infection, packaging-competent procapsids are an abundant species 

that can be isolated from mature virions and other contaminants such as cell 

debris and phage tail structures. To generate purified procapsids, P74-26 phage 

particles precipitated from large-scale phage stocks (Stone et al., 2018) are first 

purified using Cesium Chloride (CsCl) step gradient density ultracentrifugation. 

The procapsids typically sediment at ~1.3 g/mL CsCl, while mature virions 

sediment at ~1.5 g/mL CsCl, allowing for the isolation of immature procapsids 

suitable for packaging. At this stage, the procapsid fractions from the CsCl 

gradient additionally contain Thermus thermophilus cell debris, damaged virions, 

and phage tails (data not shown). The procapsid-containing fractions are then 

subjected to separation via continuous 10-30% sucrose gradient density 

utracentrifugation. Sucrose gradient fractions contain highly-pure P74-26 

procapsid particles, largely free from contaminants.  
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Figure A2.2. Purification of native P74-26 procapsids.  
Negative-stain electron micrographs of sucrose gradient purified P74-26 procapsids. 
Gradient purification separates procapsids from residual cell debris and assembled 
phage tails, though some tail structures persist in pooled fractions (left, white arrow). The 
pooled fractions consist primarily of functional, spherical procapsids (damaged procapsid 
denoted by red arrow, right).  
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To assess the quality of procapsid preparations, concentrated particles to be 

used in the packaging assay were evaluated with negative-staining electron 

microscopy (Figure A2.2). P74-26 procapsids are spherical particles ~70 nm in 

diameter that are permeable to Uranyl Acetate stain. This stain permeability of 

the ‘empty’ procapsid particles contrasts the exclusion of stain seen in the case 

of genome-filled virions (see Chapter III).  The procapsid preparations still include 

some contaminants (Figure A2.2), though contamination is significantly reduced 

compared to purification without sucrose gradient separation. Additionally, the 

mechanical stress caused by pipetting and concentrating the particles leads to a 

small population of damaged procapsids, which similarly do not significantly 

impact the efficiency of bulk in vitro packaging.   

 

P74-26 procapsids package at high temperatures in vitro 

 We next sought to test whether highly-pure P74-26 procapsids can be 

packaged in vitro. Procapsids are packaged using purified TerL (Hilbert et al., 

2015) in the presence of a linearized plasmid DNA substrate, and ATP. P74-26 

uses a ‘headful’ packaging mechanism, and genome packaging is not dependent 

on recognition sequences or Cos site initiation (Catalano, 2005). Thus, we use a 

linearized pet28 plasmid backbone for subsequent packaging experiments. 

Packaging reactions are incubated at the given temperatures as described above 

for 2 hours. P74-26 procapsids package linearized plasmid DNA optimally at 60 
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˚C, showing significantly lower packaging efficiency at 50 ˚C and 70 ˚C (Figure 

A2.3A). At 60 ˚C packaging efficiency varies slightly with each experiment and 

procapsid preparation, though optimally we see nearly 100% efficiency of 

packaging using 100 ng of linearized plasmid DNA substrate (Figure A2.3A). In 

the absence of TerL or ATP we see no protected DNA, suggesting that the 

purified procapsid particles are free from significant contamination with genomic 

DNA or DNA-filled mature virions.   

 The TerL construct we used for DNA packaging contains a non-cleavable 

poly-histidine (His) tag at the C-terminal end (pet24-TerL). During maturation, the 

C-terminal domain of TerL binds to the portal protein assembly to pump DNA into 

the procapsid. However, given the efficiency of packaging, we do not suspect the 

His tag negatively impacts binding of TerL to portal during packaging. We 

additionally used a TerL construct with a cleaved N-terminal His tag (pet28-TerL; 

Figure A2.3B). The pet28-TerL construct also packages linearized plasmid DNA, 

though with lower efficiency than the pet24-TerL construct under the same 

experimental conditions. The difference in efficiency may be due to a difference 

in enzymatic activity between the two purified constructs rather than a difference 

in portal binding affinity, though further experimentation is necessary.  
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Figure A2.3. P74-26 in vitro packaging is efficient at high temperature.  
A) Unprotected input DNA is digested by treatment with DNase I, and in the absence of 
TerL or ATP, no packaged DNA is protected from digestion. Procapsid packaging is 
optimally active at approximately 60 ˚C. Control lanes were similarly incubated at 60 ˚C 
B) Procapsids are efficiently packaged by two different TerL constructs; TerL with a 
cleavable N-terminal His tag (pet28-TerL) and TerL with a non-cleavable C-terminal His 
tag (pet24-TerL).  
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P74-26 TerL catalytic mutant and C-terminal deletion inhibit DNA packaging 

 We finally sought to determine how previously-characterized TerL mutant 

constructs impact DNA packaging in vitro. Our lab previously generated a 

deletion construct that has a 32 residue deletion corresponding to a flexible ‘tail’ 

region at the C-terminus of TerL (TerL ∆C-term). Under identical packaging 

conditions the TerL ∆C-term construct inhibits DNA packaging, likely because the 

deletion abolishes Portal binding and thus formation of a functional packaging 

complex (Figure A2.4A). Additionally, our lab previously identified residue 150 as 

the catalytic glutamate required for hydrolysis of ATP. Accordingly, the TerL-

E150A mutant construct completely abrogates ATP hydrolysis (Hilbert et al., 

2015).  TerL-E150A similarly exhibits no packaging activity in vitro (Figure 

A2.4A).  Preliminary titration experiments with increasing concentrations of TerL-

E150A added to the packaging reaction additionally show cooperative inhibition 

of packaging activity (Figure A2.4B). TerL must form the biologically active 

pentameric ring in order to bind Portal and translocate DNA. Thus, incorporation 

of a single mutant subunit into the pentameric assembly is sufficient to stall the 

packaging reaction, rendering the entire TerL ring inactive.  
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Perspective 

The in vitro packaging assay described here is a powerful tool for probing 

the molecular underpinnings of the genome packaging reaction in a thermophilic 

system. Using purified native procapsids from phage P74-26, we have 

established a reproducible protocol for packaging linearized DNA substrate with 

high efficiency. Future work will need to be done to assess the efficiency of 

packaging a variety of DNA substrates, including full-length genomic DNA.  

Overall, this work provides a framework to further investigate the DNA 

translocation mechanism of the Large Terminase. With the packaging assay, we 

can further investigate how previously-characterized TerL mutations that impact 

DNA binding affinity and enzymatic activity disrupt viral maturation using a 

biologically relevant in vitro reconstitution system.  Additionally, the P74-26 

packaging assay can plausibly be adapted in the future to single-molecule 

formats. Recent work with fluorescence-based assays and optical tweezer 

experiments in phages Lambda, T4, and Φ29 demonstrate that these techniques 

can parse motor translocation kinetics and measure force generation during 

packaging (Smith, 2011; Smith et al., 2001; Fuller et al., 2007). Performing 

single-molecule assays with the P74-26 packaging complex will help to further 

illuminate the packaging motor mechanism and structure-function relationships in 

a unique thermophilic model system.  
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Figure A2.4. P74-26 TerL catalytic mutant and C-terminal tail deletion constructs 
inhibit procapsid packaging.  
A) The wild-type pet24-TerL construct favorably packages the linearized DNA substrate, 
while the E150A mutation (Cat. Mut.) completely abrogates packaging activity. 
Truncation of the C-terminal tail of TerL required for procapsid binding likewise leads to 
loss of packaging ability.  
B) Preliminary titration of TerL-E150A suggests cooperative inhibition of DNA packaging 
activity (red), compared to ATPase activity inhibition (black). 
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Appendix III 

 

Development of a P74-26 in vitro translocation assay 
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Introduction 

For this project, we sought to develop an in vitro translocation assay to 

probe the activity of the P74-26 Large Terminase packaging motor (TerL). To do 

this, I adapted a novel triplex dissociation assay previously used to investigate 

the activity of helicases and other DNA translocases (Firman and Szczelkun, 

2000; McClelland et al., 2005; Seidel et al., 2005; Sivanathan et al., 2006). For 

this assay, a fluorescently-labeled triplex forming oligonucleotide probe (TFO) is 

bound to a double-stranded DNA template containing a complementary ‘Triplex 

Binding Site’ (TBS) inserted into a larger dsDNA template. At low pH, the dsDNA 

template and labeled probe form a pyrimidine-pyrimidine-purine DNA triplex 

formed via base pairing of an additional poly-pyrimidine strand from the TFO in 

the dsDNA major groove (Frank-Kamenetskii and Mirkin, 1995). The stable 

triplex substrate can then be brought to physiological pH for the assay. When 

bound to the dsDNA template the fluorescent probe exhibits a lower total 

fluorescence compared to unbound TFO probe. Upon addition of enzyme and 

ATP, the motor translocates across the dsDNA portion of the substrate, and 

dissociates the triplex probe from the DNA template (Figure A3.1). At 

physiological pH the TFO probe cannot rebind to the dsDNA template, and 

translocation of P74-26 TerL can therefore be monitored by changes in 

fluorescence caused by dissociation of the free triplex probe.  
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Figure A3.1. A novel triplex dissociation assay for TerL translocation.  
Cartoon schematic of the triplex dissociation assay. Double-stranded DNA with an 
incorporated Triplex Binding Site (TBS, red) is combined with a poly-pyrimidine TAMRA-
labeled Triplex Forming Oligonucleotide (TFO, green). At low pH, the TFO binds to the 
TBS, forming the stable triplex substrate, which exhibits lower fluorescence compared to 
free TFO probe. After formation at low pH, the triplex substrate is brought to 
physiological pH. Addition of the terminase motor (blue) and ATP initiates translocation 
along the DNA substrate. When challenged by the presence of triplex DNA, the motor 
dissociates the TFO probe, leading to an increase in the fluorescent signal.   
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Materials and Methods 

Purification of Protein 

Recombinant Large Terminase protein from phage P74-26 (TerLP74-26) and 

TerL mutants were expressed and purified as previously described in Hilbert et 

al., 2015. 

 

DNA templates and triplex formation 

Oligonucleotides: 

 
TBS – Forward 

5’-phosphate/AATTCAAGAAAAGAAAGAAGAAAGAAAGGTAC-3’ 
 

TBS – Reverse 
 5’-phosphate/CTTTCTTTCTTCTTTCTTTTCTTG-3’ 
 
TAMRA Triplex Probe 

5’-TAMRA/TTCTTTTCTTTCTTCTTTCTTTAACC-3’ 
 
 A 1000bp fragment derived from the P74-26 genome, spanning across the 

origin of replication was synthesized and cloned into the pUC57 cloning vector 

(GenScript). A 959 bp DNA fragment was PCR amplified from the construct, 

adding either EcoRI or BamHI restriction endonuclease cut sites for downstream 

processing. The DNA substrate was digested with either EcoRI or BamHI 

endonucleases (NEB), and cut DNA fragments were purified using a PCR 

cleanup kit (Qiagen). Triplex Binding Site (TBS) forward and reverse 

oligonucleotides were combined at a final concentration of 1 µM. To anneal the 

binding site, the TBS oligos were heated to 95 ˚C for 5 minutes, and slowly 
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brought to room temperature overnight. The cleaved and purified DNA fragments 

and annealed triplex binding site were then ligated for 1 hour using T4 Ligase 

(NEB) to generate a double-stranded DNA template including the Triplex Binding 

Site. The assembled DNA then served as the core double-stranded template for 

triplex substrate formation.  

Triplex Formation: 

The triplex formation reaction was set up as previously described in 

McClelland et al., 2005. Briefly, 50 nM double-stranded DNA template and 25 nM 

TAMRA-labeled Triplex Probe were then mixed in triplex formation buffer (10 mM 

MES pH 5.5, 12.5 mM MgCl2) in a tube wrapped in aluminum foil, and incubated 

at 20 ˚C overnight. Following the formation reaction, the triplex probe was stored 

at 4 ˚C prior to use.  

 

Triplex Dissociation Assay 

Prior to use, the triplex template was diluted 1:10 in reaction buffer (50 

mM Tris pH 8.0, 10 mM MgCl2, 1mM DTT). Final reactions were set up with 2.5 

nM DNA/Triplex template and 1 µM TerLp74-26 protein in reaction buffer. ATP was 

then added to a final concentration of 5 mM to start the reaction, with a final 

reaction volume of 100 µL. 



209 

 

Triplex formation and dissociation were assayed using either gel electrophoresis 

or fluorimetric analysis. For gel electrophoresis, 6X Orange G loading dye was 

added to 20 µL triplex samples to a final 1X concentration. The samples were 

then run on 0.25X TAM gels (40mM Tris-acetate, 1 mM MgCl2) with 5% 

polyacrylamide in 1X TAM running buffer (Whitehouse et al., 2003). The gels 

were run at 4 ˚C for approximately 45 minutes at 70V. The gels were then 

imaged using a Typhoon FLA 9000 fluorescence imager (GE) equipped with a 

532 nm emission filter. Additionally, triplex dissociation reactions were analyzed 

using a Fluoromax 4 (Horiba). Measurements were made in a 125 µL quartz 

cuvette (Starna Cells) containing the complete triplex dissociation reaction, triplex 

template, or free TAMRA-triplex probe. Emission wavelength scans were 

collected from 565 to 700 nm using an excitation wavelength of 550 nm and a 

bandpass of 6 nm.  
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Results and Discussion 

Formation of a stable, fluorescently-labeled triplex DNA substrate 

For the assembly of the triplex template DNA, we use dsDNA derived from 

the genome of P74-26. A 959 bp segment of the P74-26 genome was then 

ligated to a Triplex Binding Site (TBS) DNA duplex fragment, forming an offset 

binding site for the TFO probe (Figure A3.1). The 5’ TAMRA-labeled TFO probe 

consists of a 22-nucleotide poly-pyrimidine stretch complementary to the TBS, 

and a 4-nucleotide non-complementary ‘foot’ at the 3’ end. Incubation of 50 nM 

dsDNA template (including the TBS binding site) with 25 nM labeled TFO probe 

at pH 5.5 leads to efficient assembly of the triplex substrate. Using an excess of 

the unlabeled dsDNA template ensures that the TFO is completely sequestered 

to form fluorescently-labeled triplex DNA substrate (see Figure A3.2).  

In order to assess the thermal stability of template DNA, the triplex 

substrate is then diluted 1:10 into reaction buffer (at pH 7.5) and incubated for 1 

hour at given temperatures. Following incubation, triplex templates were run on a 

non-denaturing Tris-Acetate gel to assess heat denaturation of the template.  At 

temperatures above 40 ˚C, the TFO probe partially dissociates from the dsDNA 

template (Figure A3.2). Given the partial dissociation at higher temperatures, the 

preliminary experiments described below were performed at room temperature 

(25 ˚C).  
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Figure A3.2. Formation of stable TAMRA-labeled triplex DNA substrate.  
Duplex DNA substrate and Triplex Forming Oligonucleotide (TFO) form a stable triplex 
template at pH 5.5. The formed triplex substrate remains stable under physiological 
conditions (pH 7.5; upper gel band). When incubated at high temperatures, the TFO 
begins to dissociate from the duplex DNA template (lower gel band). 
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Monitoring P74-26 TerL translocation via triplex dissociation 

 We sought to determine whether triplex probe dissociation can be used to 

monitor TerL translocation in vitro. To monitor fluorescence of the TAMRA probe 

we used an excitation wavelength of 550 nm and monitored emission 

wavelengths of 565-700 nm to capture peak emission of the probe at ~580 nm. 

The stable triplex template exhibits significantly lower fluorescence compared to 

free TFO when diluted in reaction buffer. Addition of 1 µM TerL and 5 mM ATP to 

the triplex substrate leads to a 2-fold increase in TAMRA fluorescence, 

suggesting TerL dissociates TFO from the dsDNA template (Figure A3.3).  

We also monitored triplex dissociation in the presence of non-hydrolyzable 

ATP analogs or ADP to inhibit DNA translocation. In this case, we would expect 

no changes in fluorescence when compared to the triplex template alone. 

Interestingly, in the presence of ATPγS, AMP-PNP or ADP, TAMRA fluorescence 

appears to modestly increase compared to the stable triplex substrate, but 

recovery is less efficient than in the presence of ATP (Figure A3.4). One possible 

explanation is that TerL can still bind to template DNA, and binding may partially 

dissociate the TFO. Previous work performed in our lab suggests that in the 

presence of ADP, TerL can weakly bind to a given DNA substrate (Hilbert et al.,  
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Figure A3.3. TerL translocation leads to partial rescue of triplex probe 
fluorescence.  
The fluorescently-labeled Triplex Forming Oligonucleotide (TFO) exhibits higher 
fluorescence when not bound to a duplex DNA template (black), versus the assembled 
Triplex substrate (blue). Upon addition of the Large Terminase (TerL) and ATP (red), the 
TFO is displaced leading to an increase in fluorescence.  
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2017). In the presence of a non-hydrolyzable ATP analog, TerL can likewise bind 

to dsDNA, and may dissociate TFO without translocating along the DNA 

template. Further experimentation will be necessary to determine the mechanism 

of TFO dissociation, and establish this method as a viable assay for monitoring 

DNA translocation.  

 

Future directions 

In the future, a triplex dissociation assay optimized for stopped-flow or 

continuous flow methodologies will be beneficial for kinetic analysis of P74-26 

TerL translocation, similar to experiments described previously using other 

translocases (Graham et al., 2010). An established triplex dissociation assay 

using TerL can also be adapted to a single-molecule format. Recently-developed 

‘DNA curtain’ experiments allow for the direct monitoring of interactions between 

protein and DNA in real-time (Collins et al., 2014). In this method, strands of DNA 

including multiple triplex binding sites would be fixed in a flow cell. A solution of 

TerL and ATP would then be flowed in, then translocation and subsequent triplex 

probe dissociation can be monitored at the single-molecule level. Using TIRF 

microscopy to monitor fluorescence changes caused by TerL translocation, one 

can potentially monitor hundreds of individual translocation reactions in real-time 

to discern kinetics of P74-26 TerL locomotion.  
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Figure A3.4. Triplex dissociation in the presence of ATP analogs.  
The TFO probe is displaced by TerL in the presence of ATP, causing an increase in 
fluorescence (blue; red). In the presence of ADP (purple) or ATP analog (green), 
fluorescence is partially restored by probe dissociation, likely caused by DNA binding 
rather than translocation. 
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