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ABSTRACT

Microviruses (canonical members: øX174, G4, and α3) are T=1 icosahedral virions with

a two scaffolding protein-mediated assembly pathway. The external scaffolding protein D

mainly mediates the assembly of coat protein pentamers into procapsids. The results of

previous genetic studies suggest that α-helix 1 of D protein may act as a substrate

specificity domain, mediating the initial coat-scaffolding protein recognition in a species-

specific manner. In an effort to elucidate a more mechanistic model, chimeric external

scaffolding proteins were initially constructed in a plasmid, which over-expresses the

protein, between the closely related phages G4 and øX174. The results of biochemical

and genetic analyses identify coat-scaffolding domains needed to initiate procapsid

formation and provide more evidence, albeit indirect, that the pores are the site of DNA

entry during the packaging reaction.

However, protein concentrations higher than those found in typical infections could drive

reactions that may not occur under physiological conditions. In order to elucidate a more

detailed mechanistic model, the same chimeric external scaffolding gene was placed

directly in the øX174 genome, and the chimeric virus was characterized. The results of

the genetic and biochemical analyses indicate that α-helix 1 most likely mediates the

nucleation reaction for the formation of the first assembly intermediate containing the

external scaffolding protein. Mutants that can more efficiently use the chimeric
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scaffolding protein were isolated. These second-site mutations appear to act on a kinetic

level, shortening the lag phase before virion production.

Finally, by using improved protocols, two novel early assembly intermediates, the 9S*

and 12S* particles, have been isolated and characterized. The 9S* particle consists of a

coat protein pentamer associated with the internal scaffolding protein. The 12S*

intermediate is a complex of a 9S* particle with the major spike protein, and the DNA

pilot protein. The existence of internal scaffolding and DNA pilot proteins that were

absent in previously characterized intermediates suggest that 9S* and 12S* particles are

biologically active intermediates. Moreover, preliminary in vitro assembly experiments

performed with the 12S* particle and exogenous external scaffolding protein yield empty

capsids-like particle, strongly suggesting that these are the physiologically relevant

intermediates.
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CHAPTER 1

INTRODUCTION

1.1 PROBLEM DEFINITION

Pandemics of life threatening viruses, such as HIV and Influenza, have caused virus

research to receive a great amount of attention since the 1970’s. This research has lead to

a better understanding of the biology of viruses. Moreover, recent technological

innovations in structure and molecular biology have opened the door to a revitalization of

virus research.

Due to their beautiful capsid symmetry and dynamic morphogenetic processes, viruses

are ideal systems in which to investigate the biophysical laws governing macromolecular

interactions. The study of bacteriophage structures and assembly continues to contribute

to a better understanding of protein dynamics and molecular evolution [1, 2].

Bacteriophages have also provided the first experimental systems in which genetic

approaches have been fully exploited. In the following chapters, the protein dynamics of

virus assembly will be described. A particular focus will be given to the morphogenesis

of the Escherichia coli bacteriophage family, the Microviridae.

Microvirus assembly is an ideal system in which to investigate macromolecular

morphogenesis due to the following reasons. 1) Microviruses have well characterized

single-stranded DNA genomes [3-5] that are easy to manipulate genetically. 2) Capsids
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have a simple T=1 icosahedral symmetry. 3) The structures of two mature particles, one

procapsid, one degraded procapsid, and the assembly naïve external scaffolding protein

have been solved at atomic resolution [6-12]. This allows genetic and biochemical data to

be interpreted within a structural context. 4) Capsids exhibit many features found in other

icosahedral virions [13], and similarities with scaffolding proteins of other systems are

pronounced. For example, as in Microviridae, many RNA and DNA icosahedral viruses

have two back-to-back four-stranded β-sheets that follow a “jelly roll” topology [13].

Insertions can occur between β-strands connected at the broad end of the trapezoid as

seen in Microviruses [11] or Parvoviruses [14]. These insertion loops are most likely

responsible for functions such as receptor binding [13], and has been shown to participate

in many Microvirus assembly reactions [15]. Therefore, the results obtained here will be

readily applicable to other viral systems, and possibly contribute to the development of

antiviral drugs. In fact, Microvirus proteins from closely related species were found to be

cross-species inhibitors, and chimeric proteins have been used to identify inhibitory

domains [16].

The investigation of virus structure and assembly has provided insights into many fields

of virology. For example, research has shown that viruses manipulate host cell

physiology by having cellular chaperones sequester misfolded viral proteins, perhaps to

prevent the triggering of innate antiviral responses [17, 18]. Moreover, chaperons

enhance virus replication by recruiting viral proteins to the nucleus, where virus

replication occurs [18]. Antigenic shift, drift, and host species jumping has been
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extensively studied from a structural stand point. For instance, canine parvovirus

emerged from feline panleukopenia virus by obtaining mutations in host cell recognition

domains [19, 20]; pandemics of influenza A occur by reassortment of haemagglutinin

(HA) and neuraminidase (NA) [20]; and human immunodeficiency virus (HIV) jumped

its host species from a non-human primate due to its low integrity of genome replication,

making mutations in host recognition domains [21].

In addition, the research of virus assembly and structure has lead to numerous medical

applications. The study of virus-host cell fusion mechanisms have led to new vaccines

and antiviral drug development. HIV has an envelop protein complex consisting of a

trimeric helical bundle in one end, which is embedded in the viral envelop, and a trimeric

coiled-coil fusion peptide in the external end, which is inserted into cell membrane upon

infection. The fusion occurs when two trimeric bundles assume a hairpin structure,

forming a six-helical bundle, bringing the envelope and cell membrane together [22]. A

synthetic peptide that inhibits six-helical bundle formation by binding to trimeric helical

bundle is now a good candidate for an antiviral drug. A synthetic trimeric bundle could

be a good candidate for a subunit vaccine. Analogies can be found in the spike protein of

coronavirus [23] and the envelope glycosylated protein of dengue virus [24, 25].

Antiviral therapies that target viral specific processes have also been developed; HIV

protease inhibitors block post translational processing of a viral protein [26]; and

pleconaril, an anti-rhinovirus and –echovirus, inhibits receptor binding by occupying the

binding pocket in which a cellular receptor normally interacts [27, 28]. These antiviral
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drugs have higher efficacy with fewer side effects than other drugs since they target viral

specific mechanisms. Viral gene therapy vectors are currently in clinical trial phases.

Especially promising is the adeno-associated virus (AAV) vectors for hemophilia B,

cystic fibrosis, alpha-1-antitrypsin deficiency, and Canavan disease [29]. Without studies

of the AAV assembly pathways, packaging capsids with foreign DNA could not have

been possible.
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SPECIFIC AIMS OF THE DISSERTATION

Microvirus assembly is dependent on two scaffolding proteins, an external (D protein)

and internal (B protein) species. In the atomic structure of the øX174 procapsid, four D

proteins are associated with each underlying coat protein, forming asymmetric dimers

(D1D2; D3D4). Each monomer consists of 7 α-helices connected by loops. In the crystal

structure, there is considerable variation between the subunits, which bears no

resemblance to quasi-equivalence. Each D protein makes a unique set of contacts with

neighboring D, major spike and capsid proteins. To elucidate structure-function

relationships in the external scaffolding protein, three specific aims are the followings:

1) to elucidate the role of α-helix 1 using chimeric external scaffolding proteins.

2) to characterize its interaction with the viral coat protein using genetic and

biochemical analyses.

3) to define the critical inter and intra-dimerization domains within the protein,

and better characterize the early assembly intermediates.

The proposed research will contribute to a better understanding of protein-protein

interactions and conformational switching. Results may also impact the development of

anti-viral therapies.
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1.2 LITERATURE REVIEW

1.2.1 INTRODUCTION TO VIRUS STRUCTURE AND ASSEMBLY

1.2.1.1 VIRUS STRUCTURE

Although viral capsids vary from rod-like to spherical shapes, viral shells that

encapsidate and protect genomes generally consist of repeating protein subunits, as

initially proposed by Watson and Crick [30]. There are evolutionary advantages to the

use of multiple copies of the same protein. 1) It optimizes the coding capacity of the

genome. This allows the virus to maintain a small genome size and to encode non-

structural proteins that may optimize the infection process. 2) Assembly errors are

dramatically reduced since the same bonding patterns are repeated. Examples of repeated

interactions are exploited by the icosahedral and helical viruses. Many known viruses

exhibit icosahedral shapes, constructed with the repeating building blocks. The concepts

of icosahedral symmetry and triangulation numbers were elegantly defined by Caspar and

Klug [31].

An icosahedron is a symmetric structure with 12 pentagonal vertices and 20 triangular

faces (Figure 1.1). Any icosahedron has a defined set of symmetry elements: 6 fivefold

axes run through the 12 vertices, 10 threefold axes run through the 20 triangular faces,

and 15 twofold axes pass through the edges. In an icosahedron, the smallest number of

subunits permissible to form the three-dimentional structure is 60, in which all of the

subunits are related to each other by rotational movements around the center and the local
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fivefold axes. In larger bodies, the number of subunits in an icosahedral structure is 60T

(Figure 1.1). The permissible values of T (triangulation number) are given by the

equation, T= h2+hk+k2, where h and k are integers ≥ 0. When a capsid contains more

than 60 subunits, the rotational symmetry relations are not precisely fulfilled, and thus,

each subunit occupies a quasi-equivalent position in order to conserve the essential

bonding specificity. This arrangement minimizes the amount of protein needed to

package a given quantity of nucleic acid and minimizes the surface area exposed to the

environment [30, 31].

1.2.1.2 ASSEMBLY PATHWAYS

There are two common ways to assemble a virus capsid. One mechanism condenses the

capsid protein with the nucleic acid genome as seen in Tobacco mosaic virus [32]. The

second mechanism involves forming an empty virus shell, called a procapsid, followed

by nucleic acid packaging. The concept of capsid self-assembly was first developed by

Caspar and Klug [31], and then modified as new data and structures became available.

The directions for the virus assembly process are built into amino acid sequences:

proteins fold into a uniquely defined conformation under appropriate environmental

conditions. Therefore, they are capable of self-assembly into highly organized structures.

Thus, assembly is not directly controlled at the level of gene expression but is mediated

by sequential protein-protein interactions [33, 34].
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In general, the initial phase of protein complex assembly is a nucleation reaction, which

is a rate limiting step that has a higher reaction order than those that follow. The ‘slow

nucleation-fast growth model’ was demonstrated by Prevelige et al. [35]. In this model, a

rate limiting reaction in virus shell formation is the nucleation step, but subsequent shell

growth is achieved very fast relative to initiation, by increasing the number of reactive

sites to which the subunits can bind. The nucleation step is a series of less favorable

interactions between subunits, giving rise to a metastable seed to which subunits then add.

A thermodynamic consequence of the need to populate a substrate complex for the

nucleation is the appearance of a “critical concentration”.

The barrier of the unfavorable nucleation reaction is overcome by increasing the

statistical probability of getting a sufficient number of molecules together in space and

time to promote assembly [36]. If the concentration is too low, spontaneous nucleation

will not be obtained in the given time of observation. To obtain spontaneous nucleation,

the concentration of the intermediate must be above a critical concentration. When the

intermediate concentration is below this value, complexes tend to disassemble rather than

grow spontaneously. As long as the concentration of the intermediates remains above the

critical concentration, spontaneous growth of complexes will be more favorable. In

addition, effector molecules such as scaffolding proteins and cellular chaperons make the

nucleation step more favorable by supporting the correct folding of the intermediate

conformations involved in the nucleation step. During the course of assembly,
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conformational changes in a protein may occur, changing it from an inactive to an active

state upon incorporation into the growing substrate structure. Finally, irreversible events,

such as proteolysis, may have occurred along the assembly pathway [37, 38]. These

changes make back reactions less favorable.

The energy required for the self-assembly process is intrinsic to the proteins themselves

and is stored as ‘conformational energy’ in the interacting components [39]. Assembly

intermediates are usually fragile because the inter-molecular interactions are relatively

weak during morphogenesis. These weak interactions allow error correction and the

ability to adapt to different quasi-equivalent position in the surface lattice. Many virus

systems require transient associations with effector molecules, such as scaffolding

proteins, or molecular chaperones to attain their correct foldings [37]. The form of the

capsid is determined by the information contributed by both the properties of the capsid

subunits, and by those of the scaffolding proteins [33]. Most morphogenetic pathways

involve a capsid maturation event in which a fragile procapsid either expands or shrinks

to become a stable mature capsid [40], which is resistant to chemical and physical stress,

including the pressure imposed by packaged DNA.

1.2.1.3 STRUCTURAL TECHNIQUES USED TO STUDY VIRUS STRUCTURE

The ordinary technique used to grossly determine virus structure and morphology is

electron microscopy, in which purified virus particles are stained with an electron dense
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material such as uranyl acetate or phosphotungstate. This method, however, limits the

resolution of the image to 50Å, far below the resolution need for detailed structural

interpretation. One of the most powerful methods for obtaining this needed resolution is

X-ray crystallography, a technique that can provide resolution to 2.0Å. However, the

resolution obtained for whole virus structures is typically 4.0Å. X-ray crystallography has

yielded much information about virus structure [10], host cell receptor recognition [41,

42], and antibody binding [43]. Despite the power of this technique, there are several

disadvantages. 1) Crystallization of macromolecules is limited to those cases where

significantly strong contacts can be made between molecules to create an infinite lattice.

2) Transient associations of macromolecules are not captured by the long crystallization

process. 3) Crystallization requires a significant amount of pure sample, which is not

always readily produced [44]. 4) Crystallography depends heavily on the power of

averaging when studying icosahedral viruses. Therefore, any local deviation from

icosahedral symmetry is lost. And finally, 5) the structure solved is that which is most

stable under the crystallographic conditions, a non-physiological environment, which

may not represent the biologically active structure.

These disadvantages can be circumvented by cryo-EM reconstruction, in which samples

are rapidly frozen and examined at very low temperatures in a hydrated, vitrified state.

This preserves the native structure and allows direct visualization of the contrast inherent

in the particle. Two-dimensional projected images in random orientations are combined

to form a three-dimensional model using computerized mathematical methods of image
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analysis. The resolutions of this method have been improving rapidly. Now, resolution of

10Å can be achieved quite often, with expectations of reaching 4.0Å resolution [45]. Due

to these improvements, it is possible to accurately fit atomic resolution crystal structures

of molecular fragments into the lower resolution cryo-EM density to produce “pseudo”

atomic structures of a complex. The advantages of this method are 1) the quality of

samples do not have to be “crystallization pure”, 2) more transient states of protein

complexes can be captured, hence, allowing the visualization of conformational changes,

3) structural information can be obtained when crystallization of a protein is difficult, as

with membrane proteins [44], and 4) cryo-EM reconstruction requires the determination

of the orientation for every individual particle to be incorporated into the reconstruction.

Thus, if a unique vertex can be visualized, then an asymmetric cryo-EM reconstruction

can be obtained to visualize the breakdown of symmetry [46].

Another novel method is cryoelectron tomography, which permits reconstruction of

three-dimensional images of a single-particle to low resolution. This method becomes

very useful to analyze whole cell or membrane associated pleomorphic viruses such as

influenza [47]. In tomography, the EM grid is exposed to various tilt angles, allowing for

the collection of a series of images projected in different directions for the particles on

the grid. However, the exposures have to be few and of low dose to avoid excessive

radiation damage, which is a serious limitation, and only low-resolution reconstructions

can be currently produced.
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1.2.1.4 GENETIC AND BIOCHEMICAL TECHNIQUES USED TO STUDY VIRUS STRUCTURE

AND ASSEMBLY

In all of the above techniques, static images or a series of static images are produced, but

assembly is a dynamic process. Dynamic processes under physiological conditions are

better characterized by genetic, biochemical, and molecular methods. The use of genetic

analyses to study the structure and function of viral genes and proteins began with

development of bacteriophage plaque assays in early 1920’s. This assay became

applicable for animal viruses in 1952 when Dulbecco developed the first plaque assay for

poliovirus [48]. Plaque assays allow us to quantify the viruses in a sample, and to

produce a pure clonal strain of a virus. By using plaque assays, complementation

analyses can be performed to analyze gene and protein function when mutant, chimeric,

and evolutionary-related proteins are produced.

Complementation describes the ability of gene products from two different sources to

interact functionally in the same cell, permitting virus replication. Before recombinant

DNA technology, cells were coinfected with two mutants in a complementation assay. If

the mutations are in separate genes, each virus will supply a functional gene product,

allowing both viruses to replicate. If both viruses carry mutations in the same gene, no

replication will occur. By this method, mutants obtained were initially organized into

complementation groups defining separate viral functions. Recombination mapping was

also done with coinfections of two mutant viruses. Genetic exchange between viral
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genomes occurs in the coinfected cells. For viruses with unimolecular genomes, the

recombination frequency between two mutations increases with the physical distance

separating them. The frequency of recombination is typically calculated by dividing the

titer of phenotypically wild-type virus obtained under restrictive conditions by the titer

obtained under permissive conditions. Then, locations can be assigned for each mutation

relative to the others. Complementation can be distinguished from recombination by

examining the progeny produced in coinfected cells. True complementation produces

both parental viruses, while wild-type genomes result from recombination.

However, the development of recombinant DNA technology brought an essentially

unlimited scope to genetic manipulations. In principle, any viral gene of interest can be

mutated, and the nature of the mutation can be somewhat predetermined or manipulated.

In light of the technology, investigators can safely work on genomes of highly pathogenic

human viruses. This technology even allows investigators to produce infectious DNA

clones, which is a double-stranded DNA copy of a viral genome that is carried on a

plasmid. This can be introduced into cultured cells by transfection to recover infectious

particles. For example, the improvement of reverse genetics allows the segmented RNA

virus influenza to produce virions by transfection with several cDNA clones [49]. This

permits more conventional ways to produce vaccines with various predetermined NA and

HA assortments.
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In complementation assays with recombinant DNA, cells that express the viral genes of

interest from a plasmid are infected. This method provides more detailed information

regarding the functions of a plasmid encoded viral gene product. In the case of the

herpesvirus scaffolding protein, chimeric varicella-zoster virus (VZV) and herpes

simplex virus type 1 (HSV-1) scaffolding proteins cross-function only when the C-

terminus of the scaffolding protein is of the same origin as the viral coat protein [50].

This indicates that the C-terminus of the scaffolding protein is the species-specific coat

recognition domain.

Second-site genetic analyses are a common way to investigate protein-protein

interactions and defect compensation mechanisms in virus morphogenesis. When

complementation assays result in conditional lethal phenotypes, such as temperature-,

cold- sensitivity, drug resistance, antibody escape, or host range switch; mutants that

overcome growth defects can be directly selected. There are two different kinds of

revertants. One is a true revertant, which has reverted back to wild-type [51]. The other

carries a mutation at a second-site, either in the original gene or in a different cistron,

perhaps revealing an interaction between two domains [52].

There have been tremendous technological improvements and developments in molecular

biology. Analytical ultracentrifugation has been a powerful tool to characterize proteins,

nucleic acids, and protein-nucleic acids complexes by sedimentation analyses. The

generated profiles can be used to characterize viral particles, assembly intermediates and
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gene products. It is also a common tool to purify macromolecular complexes.

Spectroscopy can examine the nucleic acid and protein content of a particle and light

scattering can be used to monitor assembly. Technological improvements in high

resolution electrophoresis system for proteins and nucleic acids allow further analyses of

macromolecular complexes. Proteins and nucleic acids sequencing has made fine

mappings of genes possible. Protein expression systems in bacterial and insect cell lines

have given us access to high quantities of pure protein, leading to the establishment of in

vitro systems in which macromolecular assembly can be investigated in a simple

environment outside of a complex cell. These innovations clearly make genetic analyses

even more useful to study virus structure and gene functions.

1.2.1.5 SCAFFOLDING PROTEINS

The concept of scaffolding proteins arose from studies of bacteriophage P22 [53] and T4

[54]. The scaffolding proteins were found only in assembly intermediates but were absent

from the final products (For recent reviews, see [55, 56]). Most well studied DNA

bacteriophages and many animal viruses, such as members of the Herpesviridae [57] and

Adenoviridae [58], require scaffolding protein support for proper virion assembly. In

addition, scaffolding-like functions, which ensure proper morphogenesis, have also been

characterized in many virus systems, such as blue tongue virus [59-61], and Retroviruses

[62]. In general, internal scaffolding proteins are more common and functionally better

characterized than external scaffolding proteins. Scaffolding proteins act in two main
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ways: 1) they facilitate the nucleation of assembly reactions, and 2) prevent the formation

of incorrect interactions and actively establishing correct interactions between substrate

molecules [56].

Scaffolding proteins are often compared to chaperons; however, there are significant

differences between these two types of proteins. Chaperons work on the levels of

secondary and tertiary structures by inhibiting unproductive folding and preventing illicit

interactions between unfolded or partially folded protein chains [56]. In addition,

chaperons exhibit little specificity for substrates. On the other hand, scaffolding proteins

work at the level of quaternary structure by playing an active role in determining the

structure of the final assembly products. Also, scaffolding proteins are substrate specific.

Many scaffolding proteins are involved in only one round of assembly, and thus,

sometimes degraded proteolytically after use, as seen in herpesvirus, T4 phage, and

Microviruses. Therefore, they are not necessarily catalytic. The only known systems that

use scaffolding proteins in multiple rounds of assembly are bacteriophage P22 [63] and

ø29 [64].

The known viral scaffolding proteins can be classified into three groups: 1) the

icosahedrally ordered external scaffolding proteins, as seen in bacteriophage P4 [65, 66]

and the øX174-related phages [7, 8]; 2) the internal core-like scaffolding proteins, such as

herpesvirus and P22 [53]; and 3) the prolate core of the T4-like phages [56].
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1.2.1.6 EXAMPLES OF EXTERNAL SCAFFOLDING PROTEINS

SID: EXTERNAL SCAFFOLDING PROTEIN OF BACTERIOPHAGE P4

An example of a structurally well-characterized external scaffolding protein is the P4 Sid

protein in the P2-P4 bacteriophage system. Bacteriophage P2 and P4 are two genetically

unrelated dsDNA bacteriophages that are nevertheless constructed with the same coat

protein encoded by the P2 genome. P2 forms T=7 icosahedral symmetry with a diameter

of 60nm, containing 415 copies of major capsid protein, gpN. However, during co-

infection of P2 and P4, or infection of a P2 lysogen with P4, the formation of the P2

capsid is hijacked, and instead, a smaller T=4 P4 capsid is formed. The P4 capsid has a

diameter of 45nm, consisting of only 235 copies of gpN [67]. This smaller capsid

accommodates only the smaller P4 genome, not larger P2 genome. As a result, only P4

progeny are produced. All morphogenetic proteins of P4 are provided by P2, and the

formation of P4 capsid is exclusively promoted by the P4-encoded external scaffolding

protein, Sid [65]. The structural and morphogenetic fidelity of the P4 is supported by the

high expression level of the Sid protein. During a normal P4 infection, the expression of

Sid is greatly stimulated by a gene product of P2, operating on the sid promoter of P4

[68].

The P4 procapsid structure was determined by cryo-EM reconstruction to 21Å [66].

According to biochemical and structural data, there are 120 copies of the Sid protein in

P4 procapsid [66]. It has been hypothesized that the Sid monomer has a shape similar to
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“chili” and forms a “cage” external to the icosahedral shell. In the “cage”, a thick end of

“chilis” meet at the threefold axes of symmetry forming trimers, and at the twofold axes

of symmetry forming dimers, while the thin end of the “chili” forms the connecting point

between the dimers and trimers [66, 69] (Figure 1.2).

TRIPLEX: HERPESVIRUS EXTERNAL SCAFFOLDING-LIKE PROTEIN

An example of an external scaffolding-like protein is the herpes triplex protein. Triplex

proteins are components of a mature virion, thus they do not fit the criteria of a

scaffolding protein. However, they exhibit the characteristics of scaffolding proteins by

mediating the contacts between capsomers and maintaining the structural integrity of the

capsid while it undergoes substantial conformational changes. Therefore, triplex proteins

are often considered scaffolding-like proteins.

The HSV-1 capsid has a T=16 icosahedral structure with capsomers formed by the major

capsid protein (VP5), linked by the triplexes. The triplex is a heterotrimer comprised of

one molecule of VP19C and two molecules of VP23 [70-72]. There are approximately

320 triplex complexes located at the site of local threefold axes of symmetry, making

bridges between three adjacent capsomers. The image reconstructions of the HSV-1 

procapsid [71] and matured inner capsid [72] revealed little or no contact between

adjacent capsomers in the procapsid. Instead, contacts between capsomers are exclusively

mediated by triplex complexes. On the other hand, in the mature capsid, adjacent
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capsomers contact directly at the floor of the capsid. The triplex undergoes substantial

conformational change during capsid maturation from being more spread out in the

procapsid to a more compact structure in mature capsid [71]. A similar phenomenon is

observed in øX174 morphogenesis where coat protein pentamers have no contact across

the twofold axes of symmetry but are held together by external scaffolding proteins in

procapsid. A radial collapse upon maturation by the removal of external scaffolding

proteins creates direct contacts between coat protein pentamers through twofold axes of

symmetry [7, 8].

1.2.1.7 EXAMPLES OF INTERNAL SCAFFOLDING PROTEINS

INTERNAL SCAFFOLDING PROTEIN OF HERPESVIRUS: PRE-VP22a

An example of the internal core-like protein is HSV-1 pre-VP22a. The VP5 and pre-

VP22a complexes come together by the ability of pre-VP22a to self-interact and form a

core, internal to the capsid shell. This causes conformational switching in VP5, allowing

interactions with the triplex during the formation of capsomers [70, 73-76]. The N-

terminal portion (residues 165-234) of pre-VP22a is responsible for the self-interaction

required to assemble a scaffolding core [77].

Radial density profiles suggest that pre-VP22a has an elongated shape of about 250Å in

length and is composed of three domains separated by low-density linkers [71]. In

particular, there is a low density region between the capsid shell and the core, suggesting
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a rather tenuous connection between the scaffolding and the capsid shell. The capsid

protein recognition domain of the internal scaffolding protein lies within the C-terminal

14 amino acids [78]. These residues are predicted to form an α-helix and contain an

essential phenylalanine residue. The C-terminus of the pre-VP22a peptide is

proteolyticaly cleaved upon capsid maturation. This cleavage is suggested to be involved

in its removal from the capsid interior by releasing the capsid bound C-terminal region,

and is essential for the production of infectious virions by releasing the internal

scaffolding protein from the capsid in order to package the viral genome [79]. Since

protease processing of the scaffolding protein can occur in the absence of capsid

structures [74], the interaction of VP5 with the scaffolding protein may also serve to

prevent cleavage until after capsid assembly takes place. The coat protein recognition by

the C-terminus of the internal scaffolding protein may be common scheme used by

different virus systems (See Below).

INTERNAL SCAFFOLDING PROTEIN OF BACTERIOPHAGE P22: gp8

The function of the internal scaffolding protein, gp8, of Salmonella typhimurium dsDNA

bacteriophage P22 is one of the best understood. During P22 assembly, about 200-300

copies of gp8 associate with 420 copies of the coat protein, gp5, required to make a T=7

shell [53, 80]. Upon assembly, scaffolding protein copolymerizes with coat protein and is

added to the edge of growing shell. Then, gp8 are removed during DNA packaging, but

recycled, unlike the internal scaffolding proteins of Microviruses. In the absence of gp8,
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capsid proteins produce only aggregates or unclosed shells [81]. The internal scaffolding

proteins of P22 and HSV-1 exhibit strong similarities. For example, both internal

scaffolding proteins form core-like structure with radial density [82, 83]. Moreover, coat

protein recognition domains lie in C-terminus, which is visualized as a low density region

[84, 85], and aromatic residues play an important role in these interactions. Coat protein

recognition via C-terminus of internal scaffolding protein is also observed in

Microviruses [86]. Again, aromatic residues mediate most of the contacts.
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1.2.2 INTRODUCTION TO MICROVIRIDAE

Microviruses (canonical members: bacteriophages øX174, G4, and α3) are T=1

icosahedral virions with single-stranded circular DNA genomes consisting of

approximately 5500 bases (For comprehensive reviews, see [87] and [88]). Bacteriophage

øX174 was the first example of a biological system in which the complete nucleotide

sequence of a genome was successfully determined [3] and shown to contain 11 genes.

The names and functions of the gene products are summarized in Table 1.1, and the

genetic map is illustrated in Figure 1.3. Among the 11 encoded genes, seven of them are

overlapping, which makes øX174 a striking example of efficiency in deriving the most

protein from the least amount of DNA. For instance, the sequence for gene E is entirely

contained within the sequence for gene D, but is translated in a different reading frame.

In the same manner, gene B is entirely contained within gene A. Gene K overlaps the

terminating codons of B and the 3΄-end of gene A and terminates within gene C. By

initiating translation at two different sites in the same reading frame, two products of the

gene A region (A and A*) are made. This fascinating feature has even lead space

scientists to believe that the genome of øX174 is the message from an extraterrestrial

intelligence [89].

The capsid of øX174 has an external diameter of approximately 260Å and the spike

complexes protrude an additional 30Å from the fivefold vertices. The protein shell of the

capsid is 30Å thick [10, 11]. Besides the major spike complexes, the capsid has a number
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of protrusions on its surface, one of which extends at the threefold axes of symmetry. In

contrast, there is a depression across the twofold axes of symmetry. The major folding

motif of the viral coat protein is the eight-stranded antiparallel β-barrel [13] (Figure 1.4)

found in many other icosahedral plant and animal viruses, such as tomato busy stunt virus

[90], satellite tobacco necrosis virus [91] and human rhinovirus 14 [92].

1.2.2.1 ØX174 LIFE CYCLE

ATTACHMENT TO HOST CELL

øX174 attaches to host cells via a sugar molecule in the lipopolysaccharide (LPS) of

Gram-negative bacteria [93], which is Ca2+ dependent process [94]. The residues that

constitute the binding site are strongly conserved in all Microviruses. In order to find a

receptor for penetration, Microviruses may simply roll on a host cell surface, as tailed

bacteriophages walk along the cell surface via reversible tailspike interactions [87]. Once

a Microvirus finds the eclipse receptor, an irreversible reaction, called eclipse occurs [95,

96]. The eclipse may involve a high degree of conformational changes of viral structural

proteins, but the mechanism of eclipse remains obscure. Upon eclipse, viral DNA is

ejected through a fivefold axis of symmetry into the periplasmic space or directly into the

cytoplasm along with the DNA pilot protein H [97].

CAPSID ASSEMBLY
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The Microvirus assembly pathway is illustrated in Figure 1.5. Characteristics of early

assembly intermediates will be discussed in more detail in Chapter 4. Unlike most viral

systems with a single internal scaffolding protein, Microvirus morphogenesis is

dependent on two scaffolding proteins, an external (D protein) and internal (B protein)

species [98]. Together, these two proteins perform the functions found in one scaffolding

protein systems. The first detectable intermediates are the 9S and 6S particles, respective

pentamers of the coat (F protein) and major spike (G protein) proteins [99]. Five internal

scaffolding proteins bind to the underside of coat pentamers, inducing a conformational

change that enables the pentamers to interact with major spike and external scaffolding

proteins [99, 100]. In the absence of a functional external scaffolding protein,

intermediates containing F, G, B, and DNA pilot H proteins, called the 12S* particle,

accumulate (See Chapter 4). While the identity of the next intermediate remains obscure,

structural data suggest that it contains F, G, B, H, and D proteins [8]. A particle

sedimenting at 18S may represent this intermediate [101, 102]. Twelve of these particles

then assemble into the procapsid (108S) most likely via twofold D protein related

interactions [8, 99, 103]. As mentioned earlier, coat protein pentamers make no visible

contacts across the twofold axes of symmetry in the procapsid. The coat pentamers

appear to be held together by external scaffolding proteins with the possible involvement

of internal scaffolding proteins [7, 8].

After the formation of the procapsid, DNA packaging and the last stage of viral DNA

replication occurs concurrently. First, stage I DNA replication is the conversion of
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ssDNA to a double-stranded replicative form (RF) DNA at the membrane. This requires

at least 13 host-originated proteins but no phage-encoded proteins. Stage II DNA

replication is semi-conservative replication of RF DNA, which requires the proteins

involved in stage I DNA replication plus two additional proteins, the E.coli Rep and the

øX174 A protein. Stage III is the synthesis of circular DNA from an RF DNA-protein A

complex, leading to the formation of the pre-initiation complex [88]. The pre-initiation

complex, consisting of one copy each of viral protein A and C, RF DNA, and the host

cell Rep protein, associates with the procapsid, most likely along a twofold axis of

symmetry, forming the 50S complex [104]. Single-stranded genomic DNA is then

concurrently synthesized and packaged, presumably through a pore at the threefold axis

of symmetry (See Chapter 2). DNA packaging is associated with the gain of the DNA

binding protein J and the extrusion of the internal scaffolding protein to form the 132S

provirion [98].

Maturation completes with the dissociation of external scaffolding proteins, which leads

to the closing of the threefold related pores [15] and a radial collapse of coat pentamers

[6-8, 105], yielding the mature 114S virion [105]. The removal of the D protein is

probably induced by an increase in Ca2+ concentration upon host cell lysis [98, 106]. In

the transition from the open procapsid to the mature virion, coat and major spike protein

pentamers undergo a radial collapse around the genome. This process requires the spike

protein to lose contacts with the external scaffolding proteins and establish novel contacts

with the underlying capsid proteins [8, 105]. Premature loss of external scaffolding
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proteins from the procapsid results in the formation of an empty uninfectious off-pathway

product, which sediments at 70S.

CELL LYSIS BY E PROTEIN

The Microvirus genomes encode a protein that mediates cell lysis by inhibiting host cell

peptidoglycan synthesis, protein E. E protein is encoded in a short alternate reading

frame embedded in the external scaffolding gene. E protein is a 91-residue integral

membrane protein that is sufficient for lysis when the host is actively growing. However,

the mechanism of host cell lysis mediated by the E protein is not clearly understood.

There are about 200~ 300 E protein molecules present at the time of cell lysis [107]. The

protein consists of two domains, a hydrophobic N-terminal domain and a positively

charged C-terminal domain. The active site of E protein lies in N-terminus, which forms

an α-helical structure [108, 109]. This α-helix contains a proline residue close to the

center, which has been shown to be essential for activity [110]. The molecular target for

the E protein is known to be the enzyme phosphor-MurNAc-pentapeptide translocase

(MraY), the integral membrane protein involved in bacterial cell wall peptidoglycan

biosynthesis. MraY catalyzes the first step of the intermembrane cycle of the reaction

involved in bacterial peptidoglycan biosynthesis [111].

Mutations in the host slyD locus have been found to confer resistance to E protein

mediated lysis [112], although SlyD is not the E protein target [113]. SlyD encodes a
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peptidyl-prolyl cis-trans isomerase (PPIase). However, PPIase is not directly involved in

E-protein lysis function, but it may act as a chaperon to support the E protein folding and

the delivery to the membrane [108, 114]. In this study, E.coli mutants that have a

mutation in the slyD locus were used as lysis-resistant cells. 

 

1.2.2.2 CHARACTERISTICS OF VIRUS-ENCODED STRUCTURAL AND MORPHOGENETIC

PROTEINS

SPIKE PROTEIN (PROTEIN G)

The results of both structural [9-11] and genetic [115-117] studies indicate that G

proteins are involved in the receptor recognition event that leads to eclipse. Protein G

consists of 175 amino acids, which form an eight-stranded, antiparallel β-barrel as seen

with the coat protein. However, the G protein lacks large insertion loops between the

strands [11]. Each of the 12 spike complexes consists of 5 G proteins with a pentagonal

cross-section, which make only minimal contact with the coat protein [10, 11].

There is a hydrophilic channel running down the fivefold vertex of each pentamer created

by F and G pentameric units. The channel is lined by predominantly polar residues of

both G and F proteins, with a diameter which varies between 6.0 and 26Å. The channel

contains two narrow aspartic acid lined gates, which would allow a water molecule to

pass [10]. Hydrophilic channels along fivefold axes have been observed in many viruses,

and may serve for the transportation of ions [118]. The binding of a putative Ca2+ ion to
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the interior of the fivefold axis channel may trigger the DNA ejection through the channel

[94].

DNA PILOT PROTEIN (PROTEIN H)

Although the exact location of H proteins could not be determined in the crystal structure,

there is diffuse electron density in and below the fivefold hydrophilic channel [11]. It is

likely that this density represents the DNA pilot protein H. The protein consists of 328

amino acid residues containing a much larger percentage of glycines and smaller

percentage of aromatic residues than is usual for globular proteins. Such sequences often

give rise to disordered peptide conformations and, hence, lack distinct structures [119].

However, the absence of any defined structure for the H protein may be due to the effect

of electron density averaging to different orientations of the protein at each spike. The H

protein is ejected through a fivefold channel together with the viral DNA upon infection

[97, 120]. Although the DNA pilot function has been known, the mechanisms by which

H protein mediates eclipse and DNA delivery remain obscure. However, some

biochemical data also suggest that H protein changes its conformation upon interaction

with LPS [121] leading to eclipse.

DNA BINDING PROTEIN (PROTEIN J) 
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The J protein enters the procapsid during DNA packaging [122] and is absolutely

required for genome encapsidation [123, 124]. There are 60 copies of protein J per virion,

one associated with each coat protein. The J protein is a small, extremely basic protein

with no acidic residues, 37 amino acids in length, and separated into four functional

domains. Two of them are DNA binding domains, which bind DNA via simple charge-

charge interactions [125]. These domains contain the 12 basic residues and are separated

by a short sequence rich in proline residues that were shown to be important for function.

Another domain is the hydrophobic C-terminus which is conserved among all

Microviruses [3-5] and has been shown to participate in DNA packaging by binding to

the capsid’s inner surface [123, 124, 126, 127]. Many plant viruses, such as tomato bushy

stunt virus [90], southern bean mosaic virus [128], and satellite tobacco necrosis virus

[91], also use a similar mechanism but it is mediated by capsid proteins. Their N-terminal

regions are very basic, mostly disordered and therefore lack a unique conformation.

These basic regions have been shown to be involved in genome binding.

The J protein and basic capsid amino acid residues tether the packaged DNA to the inner

surface of the capsid. In the atomic model, the protein forms an S-shaped polypeptide

chain lacking secondary structure. The ordered C-terminus of the protein is tightly

associated with a cleft located near the center of the coat protein in close proximity to the

DNA binding site, found in the coat protein [11]. This DNA binding pocket is created by

adjacent β-barrels of the pentamer formed by the F proteins. The S-shaped J protein lies

across adjacent capsid proteins, with its N-terminus extending toward the C-terminus of
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the adjacent J protein. This unique arrangement suggests that the J protein mediates the

ordered arrangement of the genome, facilitating a somewhat ordered conformation.

Moreover, a portion (8-10%) of the genome is icosahedrally ordered, tethered to the inner

surface of a capsid in the crystal structure [10, 11]. Evidently, there are extensive polar

interactions of the DNA backbone with the F and J proteins [11], which presumably

further facilitates the ordered orientation of the genome.

The J protein shows little or no sequence specificity in DNA binding [123, 129], and

binds single-stranded DNA as well as double-stranded DNA. This suggests a model in

which J protein binds to a double-stranded, RF DNA and enters the procapsid by

remaining bound to single-stranded viral DNA as it is encapsidated [123]. This

mechanism for J protein entry into the capsid may protect viral DNA from nucleases and

also allows RF DNA to sequester J protein for eventual encapsidation. Once in a

procapsid, the highly hydrophobic and aromatic C-terminus binds to a coat protein cleft

[10, 11]. Furthermore, it may compete with the internal scaffolding protein for binding

this common binding cleft, and eventually dislodge it [7, 8, 10, 11] (See below).

Besides the overall charge of the J protein, the spatial orientation of the four domains is

most likely important for function [125]. The conserved proline residues reside between

the two DNA binding sites of the J protein. Perhaps these proline residues function to

optimize protein-DNA contacts by assuming correct spatial orientation between two

DNA binding regions [125]. Indeed, the results of structural and genetic studies suggest
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these residues most likely guide the viral DNA to the adjacent fivefold related

asymmetric unit, organizing the packaging arrangement [130]. Glycine residues are also

conserved in the first and second binding regions. The role of the conserved glycine

residues may be to optimize the DNA-protein contacts within the DNA binding domains

[130].

Another important factor for successful genome packaging may be the size of the viral

genome. The øX174 capsid can package genomes as large as 101% and maintain

infectivity [129]. Above this value, genomes are still packaged but the resulting particles

are either not infectious or highly unstable. As the size of the genome increased, the

production of the defective particles increased as well, suggesting that the ratio of the

total volume occupied by the viral genome to the total internal volume of the capsid may

also be critical [125].

The experimental data conducted with fully packaged particles with mutant DNA binding

protein suggest that the øX174 genome may perform scaffolding-like functions during

the last stage of the morphogenesis. During final collapse, the dissociation of the external

scaffolding protein from the provirion and the associations of pentamers across twofold

axes of symmetry occur simultaneously. The ability of the genome to form secondary

structure and its association with the capsid may mediate the magnitude of the collapse

and stabilize the capsid [130, 131]. Similar genome-icosahedral capsid interactions have

been documented in other systems. In Flock House Virus (FHV), viral RNA creates non-
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specific interactions with coat protein grooves at the twofold axes of symmetry and

stabilize the capsid [132]. As seen with Microviruses, Deletions of the RNA-interacting

residues or packaging FHV with foreign RNA result in the production of polymorphic or

altered particles [133, 134].

INTERNAL SCAFFOLDING PROTEIN (PROTEIN B) 

 

The internal scaffolding protein of øX174 contains 120 amino acid residues and

presumably has an inherently flexible structure [7, 8, 86, 102, 135]. The cross-functional

ability of B proteins between canonical Microvirus members despite only 30% similarity

in amino acid sequences suggest that B protein can tolerate considerable variations

without affecting function [102]. This may be due to the evolutionary necessity for a

protein encoded in overlapping reading frame, in which a point mutation of one gene

affects the other. Structural data identified only the first 10 N-terminal residues and the

end of C-terminal residues (60-120) in the closed procapsid [7]. The majority of the N-

terminal residues are unordered. The lack of ordered density within this region may be

due to the inherently flexible character for this section of the B protein, and/or mixed

density consisting of H protein and B protein [136].

One of functions of the B protein is to bind to the internal surface of the F protein

pentamer (9S* particle) via its C-terminal domain. Presumably this induces

conformational changes on the external surface, altering the intermediate to an assembly-
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competent unit [100, 102, 137, 138] (See Chapter 4). Another role is that a portion of the

internal scaffolding protein, approximately residues 30-40, facilitates the incorporation of

hydrophobic H protein at the fivefold vertices [105, 135]. This hydrophobic region of B

protein may create a local hydrophobic channel, in an otherwise hydrophilic interior

environment of the capsid, facilitating the incorporation of the hydrophobic H protein.

The cryo-image reconstruction of the bacteriophage α3 virion suggest that the density

around the fivefold axes is a mixture of the H pilot and B internal scaffolding proteins

[105], as seen with the internal scaffolding protein of P22 [139, 140]. In addition, mutant

internal scaffolding proteins have been shown to lead to reduction of H protein copy

number in virions that gives rise to defective particles [135].

The cryo-EM image reconstruction and X-ray structure suggest that the first 10 amino

acids form an α-helix that self associates across the twofold axis of symmetry [6, 8]. This

may indicate some B protein involvement in icosahedral shell formation. The N-terminus

probably interacts with both the coat protein and N-terminus of a twofold related B

protein via non-specific interactions [102]. However, removal of the first 10 amino acids

results in only a conditional lethal phenotype [135]. Thus, while the B and D proteins

might have a redundant scaffolding function in bringing pentamers together across

twofold axes of symmetry. The D protein appears to be more critical ( Chen, Uchiyama,

and Fane, submitted).
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As described earlier, the highly aromatic C-terminus is ordered in procapsid crystal

structure and fits into the cleft of the capsid at essentially the same site as the DNA

binding protein J in the mature virion [8]. Although the structures of B and J proteins are

very different, their interactions with the F protein are very similar [8]. There is an

equivalence in the formation of hydrogen bonds between the B and F proteins and the J

and F proteins [8]. Presumably, the negative charge on the DNA backbone helps to

displace the B protein. The functions of the internal scaffolding protein C-terminus are

conserved among many virus systems, playing a role in coat protein specificity and

recognition [7, 8, 86] as seen in herpesviruses and P22 systems.

Once the internal scaffolding protein completes its roles, the protein must leave provirion

presumably through 30Å pores at threefold axes of symmetry. In order to assume a small

enough structure to be extruded through the small pore, B protein most likely has

autoproteolytic activity [141]. Unless sequestered by the viral coat protein, the B protein

has a very short in vivo and in vitro half-life [88, 105] making it unlikely to recycle like

the P22 scaffolding protein [63]. Although the cleavage occurs only once, there are three

putative cleavage sites, an Arg-Phe sequence repeats, at approximately 13 amino acids

intervals from the C-terminal end of the protein B [105]. Biochemical characterization of

fusion B proteins has shown that the cleavage produces three distinct sizes of fragments

corresponding to those cleavage sites in vitro [105]. However, only one of them was

proven to be critically important in vivo (Chen and Fane, unpublished result). This
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redundancy may represent another evolutionary safeguard for proteins encoded in

overlapping reading frames.

EXTERNAL SCAFFOLDING PROTEIN (PROTEIN D) 

 

Although internal and external scaffolding proteins are interdependent on each other and

have a great degree of redundancy in their roles and functions, the external scaffolding

protein has shown to carry the primary scaffolding functions involved in icosahedral

formation. For example, B protein mutants tend to obtain secondary mutations in D

protein in order to compensate for lost scaffolding functions [102, 135, 137]. Moreover,

viable mutants that are devoid of the internal scaffolding protein have been isolated

(Chen, Uchiyama, and Fane, submitted). The known functions of D protein are to

nucleate procapsid formation, and ensure the fidelity of DNA packaging and

morphogenesis by stabilizing the structure of assembly intermediates.

The atomic structure of a bacteriophage øX174 ‘closed’ procapsid has been determined to

3.5Å resolution [7, 8]. While this structure revealed many of the coat-external scaffolding

protein interactions, it does not completely reflect the biologically active intermediate.

Comparisons with the cryo-EM image reconstruction suggest that during crystallization,

the procapsid matured at the threefold axes of symmetry, producing a ‘closed’ particle

[7, 8] (Figure 1.5). In the cryo-EM image reconstruction, the threefold axes display pores

of 30Å [6, 105]. Considering that this pore is the only opening wide enough through
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which the genome can be package, it has been hypothesized that DNA packaging

happens through one of these pores. This hypothesis was further investigated in Chapter 2.

In the atomic structure of the øX174 closed procapsid, the icosahedral asymmetric unit

contains four D proteins (D1, D2, D3, and D4) associated with each underlying coat

protein, forming asymmetric dimers (D1D2; D3D4) (Figure 1.7). Each D subunit makes a

unique set of contacts with neighboring D, major spike, and coat proteins. Although there

are considerable variations between these subunits, bearing no resemblance to quasi-

equivalence [7, 8], each D monomer generally consists of 7 α-helices connected by loops.

The external scaffolding protein is the most conserved protein among the Microviruses,

sharing 70% identity on the amino acid level. Residues 27-128, comprising α-helices 2

through 6, exhibit 96% conservation. This region forms a structurally conserved core,

and mediates the vast majority of intra- and inter-dimer contacts [7, 8]. Although the

structures of D1 and D3 are quite similar, they differ substantially from the structures of

D2 and D4. Structural data suggest that this unique arrangement is mediated, in part, by α-

helix 3, specifically tyrosine residue 60 and glycine residue 61 [7, 8, 12].

The D protein glycine residues are located in loops with the exception of Gly 61, which

lies in α-helix 3. This α-helix 3 forms a ~82°C kink in D1 and D3 while this helix is

straight in D2 and D4. In order to elucidate the conformational switching involves α-helix

3, the crystal structure of D protein in solution prior to assembly (assembly naïve) was

determined to 3.3Å [12] and compared to that found in the closed procapsid. In the
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assembly naïve state, only one asymmetric dimer (DADB) was found. The structure of

DADB is very close to the structures of D1D2 or D3D4, in which DA, D1, and D3 display a

kink in α-helix 3, and DB, D2, and D4 exhibit straight helices. These structural data and

other genetic data [52] suggest the conformational switch mechanism in D protein.

During assembly, D protein monomers form a dimer (DADB), which induces kinking in

α-helix 3 of DA, allowing association with another dimer, yielding a tetramer. After

tetramer formation (DADB:DADB), the addition of another dimer is inhibited by inducing

another conformational switch [12]. This tetramer then binds to the top of the 12S

pentamer. The binding of one tetramer most likely facilitate the binding of an additional

four tetramers, yielding the 18S particle. During 18S particle formation, tetramers create

unique interactions with coat, major spike, and another subunit of external scaffolding

proteins, yielding a structure close to D1D2:D3D4. The mechanism of the nucleation of the

18S particle formation is discussed in this dissertation.

The structurally conserved core of the D subunits does not include α-helix 1, loop 5, and

α-helix 7. These regions exhibit divergent sequences among Microviruses, indicating that

these regions may act as species-specific substrate recognition domains. Loop 5 is the

most polymorphic feature in the closed procapsid structure [7, 8]. It forms a β structure in

subunit D2, where it participates in inter-dimer contacts with D3, and an α-helical

structure in D3, where it participates in D4 intra-dimer contacts. In subunit D4, loop5

exhibits no secondary structure, suggesting that it may be responsible for inter-tetramer

interactions across twofold axes of symmetry upon icosahedral procapsid formation.
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In the closed capsid, α-helix 7 structure is very diverse. It only forms α-helix in the D4

subunit, where it mediates the most extensive coat protein interactions found in the entire

lattice. In D1-D3, it is either partly or completely disordered. In DB subunits, which will

become D4 subunits, only the first 5 residues of α-helix 7 are ordered [12]. This suggests

that these residues are responsible for the interaction with the coat protein. Upon these

interactions, the rest of α-helix 7 becomes ordered and secures the D tetramer onto the

12S particle. The results of genetic studies also show that without the correct interactions

of α-helix 7 with coat protein, the resultant procapsid cannot interact properly with the

packaging machinery [16, 52]. The main focus of this study involves α-helix 1 of D

protein; hence it will be discussed further in following chapters.
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1.3 DISSERTATION FORMAT

The first chapter is an introduction to this dissertation study. The advantages of using

Microviridae as a model system for the study of viral morphogenesis are defined. The

reviews consist of the assembly of small icosahedral viruses in general, the role of

scaffolding proteins, and the life cycle of Microviridae.

Chapter 2 is a revised version of a publication in the Journal of Virology. A reprint is

included as Appendix A. It is revised from publication format to suit in a part of the

dissertation. Chapter 3 will be submitted to the Journal of Virology by the time of the

final defense. Chapter 4 is a work in progress. A research technician, Min Chen, assisted

me with the cloning and some experimental procedures reported in Chapter 3 and

Chapter 4.

The structural data presented in this dissertation are the result of a long time collaboration

between Dr. Bentley A. Fane and Dr. Michael G. Rossmann at Purdue University. The

EM negative stain in Chapter 4 was performed by Dr.Susan Hafenstein at Purdue

University.
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Table 1.1 List of Microviridae gene products

Protein Copy numbers Function

in capsid or procapsid

A Stage I and Stage III DNA replication.

A* An unessential protein for viral replication.

B 60 (procapsid) Internal scaffolding protein

C Required for stage III DNA synthesis

D 240 (procapsid) External scaffolding protein

E Host cell lysis

F 60 Major coat protein

G 60 Major spike protein

H 12 DNA pilot protein

J 60 DNA binding protein

K An unessential protein for viral replication
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FIGURE LEGENDS

Figure 1.1 Illustration of icosahedral symmetry and triangulation numbers (Adapted from

Steven et al., 1997 [37]). (A) The two, three, and fivefold axes of symmetry views. (B)

Higher order icosahedra corresponding to the triangular numbers, T=1, 3, 4, 7d, and 9,

respectively.

Figure 1.2 Cryo-EM reconstruction of P4 bacteriophage procapsid, viewed down a two-

fold axis of symmetry (Adapted from Dokland et al., 2002 [66]). Coat protein, gpN is

shown in green, and the Sid protein is shown in red.

Figure 1.3 Microviridae genetic map.

Figure 1.4 Crystal structure of øX174 coat protein in the asymmetric unit (Adapted from

McKenna et al., 1992 [11]). Coat protein is shown in blue. C-terminus of internal

scaffolding protein is shown in orange.

Figure 1.5 Microviridae assembly pathway.

Figure 1.6 Crystal structure of closed procapsid viewed down threefold axis of symmetry.

D4 subunit of the external scaffolding protein is shown in light blue in all asymmetric

units. α-helix 4 of the coat protein is shown in blue, purple, and pink in each asymmetric

unit.
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FIGURE LEGENDS - Continued

Figure 1.7 Crystal structure of external scaffolding proteins in the asymmetric unit

(Adapted from Dokland et al., 1992 [8]). Each subunit, D1, D2, D3, and D4, is colored

in light green, yellow, red, and light blue respectively. The secondary assignment is

indicated on the line below. Box, linear line, and zig-zag represent α-helix, loop, and

variable structure respectively. Solid box represents conserved core.
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Figure 1. 2
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Figure 1. 4
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Figure 1. 6
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Figure 1. 7
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CHAPTER 2

IDENTIFICATION OF AN INTERACTING COAT-EXTERNAL SCAFFOLDING

PROTEIN DOMAIN REQUIRED FOR BOTH THE INITIATION OF ØX174

PROCAPSID MORPHOGENESIS AND THE COMPLETION OF DNA

PACKAGING

2. 1 ABSTRACT

The øX174 external scaffolding protein D mediates the assembly of coat protein

pentamers into procapsids. There are four external scaffolding subunits per coat protein.

Organized as pairs of asymmetric dimers, the arrangement is unrelated to quasi-

equivalence. The external scaffolding protein contains seven α-helices. The protein’s core,

α-helices 2 to 6, mediates the vast majority of intra- and interdimer contacts and is

strongly conserved in all Microviridae external scaffolding proteins. On the other hand,

the primary sequences of the first α-helices have diverged. The results of previous studies

with α3/ øX174 chimeric external scaffolding proteins suggest that α-helix 1 may act as a

substrate specificity domain, mediating the initial coat scaffolding protein recognition in

a species-specific manner. However, the low sequence conservation between the two

phages impeded genetic analysis. In an effort to elucidate a more mechanistic model,

chimeric external scaffolding proteins were constructed between the more closely related

phages G4 and øX174. The results of biochemical analyses indicate that the chimeric



64

external scaffolding protein inhibits two morphogenetic steps: the initiation of procapsid

formation and DNA packaging. øX174 mutants that can efficiently utilize the chimeric

protein were isolated and characterized. The substitutions appear to suppress both

morphogenetic defects and are located in threefold-related coat protein sequences that

most likely form the pores in the viral procapsid. These results identify coat-external

scaffolding domains needed to initiate procapsid formation and provide more evidence,

albeit indirect, that the pores are the site of DNA entry during the packaging reaction.
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2. 2 INTRODUCTION

Microviruses (canonical members are bacteriophages øX174, G4, and α3) are T=1

icosahedral virions with scaffolding protein-mediated assembly pathways. As in other

virual systems [63, 142, 143], scaffolding proteins temporarily associate with structural

proteins, stimulating conformational changes that nucleate assembly and ensure

morphogenetic fidelity [55, 63]. Microvirus morphogenesis is unique in that it depends

on two scaffolding proteins, an external and an internal species [100, 103]. In concert,

these two proteins perform the analogous scaffolding functions found in one-scaffolding

protein systems. The structures of the øX174 virion and a procapsid-like particle have

been determined to atomic resolution [7, 8, 10, 11, 105], thus allowing genetic and

biochemical data to be interpreted within a structural context. In addition, several cryo-

image reconstructions of viral procapsids have been completed [6, 105]. These

reconstructions are particularly valuable in that they reflect the biologically active

particle more closely than the atomic model, which represents an off-pathway particle [7,

8].

The Microvirus assembly pathway is illustrated in Figure 2.1. The first detectable

intermediates are the 9S and 6S particles, respective pentamers of the majot coat F and

spike G proteins [99]. Five internal scaffolding B proteins bind to the underside of the 9S

particles, inducing a conformational change that enables interactions with major spike G,

minor spike H, and external scaffolding D proteins [7, 8, 99, 100, 135]. While the identity
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of the next intermediate remains obscure, structural data suggest that it contains the F, G,

H, B, and D proteins [7, 8]. A particle sedimenting at 18S most likely represents this

particle [102, 137]. In a reaction mediated by the external scaffolding protein [99, 103],

12 18S particles associate to form the procapsid (108S). The preinitiation complex for

single-stranded DNA synthesis and packaging binds to the procapsid, most likely along a

twofold axis of symmetry, forming the 50S complex [104]. Single-stranded genomic

DNA is concurrently synthesized and packaged, presumably through a pore at the

threefold axis of symmetry. There are no other openings large enough in the viral

procapsid through which a DNA molecule could pass [6, 105].

The threefold related pores are visible only in cryo-image reconstructions of the

procapsids [6, 105]. In the atomic structure, this area is occupied by coat protein

sequences in an arrangement similar to that observed in the mature virion [7, 8]. There

are other salient differences between the cryo-image and atomic models. For example, in

the crystal structure, coat protein pentamers have a decreased radial distance and interact

across the twofold axes of symmetry. In contrast, pentamers in the cryo-image

reconstruction make little or no contact with each other and appear to be associated more

tightly with the external scaffolding protein lattice. These differences suggest that the

crystallized procapsids underwent a limited maturation event during sample preparation.

The results of the genetic analyses presented here and in a previous report support this

supposition: coat-external scaffolding protein interactions are probably more extensive

than the crystal structure indicates [52].
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While the crystal structure may not divulge the full context of coat-external scaffolding

protein associations, it does reveal the intricate interactions of the four external

scaffolding proteins in the asymmetric unit (Figure 2.2A), which form asymmetric dimers

(D1D2 and D3D4). Each monomer consists of seven α-helices connected by loop

structures. There is a considerable variation between the subunits, which bears no

resemblance to quasi-equivalence [7, 8]. Each D protein makes a unique set of contacts

with the neighboring D, major spike, and capsid proteins. The external scaffolding

protein is the most conserved Microvirus protein, sharing 70% identity on the amino acid

level. Residues 27 to 128, comprising α-helices 2 to 6, are 96% conserved. This region

forms a structurally conserved core [7, 8] and mediates the vast majority of intra- and

interdimer contacts. However, considerable divergence occurs in α-helix 1, loop 6, and α-

helix 7 amino acid sequences.

The results of biochemical analyses conducted with an α3/ øX174 chimeric external

scaffolding protein, in which the first α-helix of the α3 protein replaced the øX174

structure, suggested that this region acts as a coat protein substrate specificity domain

early in the morphogenetic pathway [52]. However, those studies were limited. The

chimeric protein exhibited little or no activity vis-à-vis øX174 morphogenesis, and

øX174 mutants that could productively utilize the chimeric protein could not be obtained

at frequencies indicative of point mutations. Low sequence conservation between the two

phages may have impeded the genetic analyses. In an effort to elucidate a more
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mechanistic model, a chimeric external scaffolding protein was constructed between the

more closely related phages G4 and øX174 (Figure 2.2B). The results of the analyses

suggest that α-helix 1 mediates the initial interaction with the coat protein with which α-

helix 1 most likely interacts, and provide evidence, albeit indirect, that the open pores at

the threefold axes of symmetry are the site of DNA entry during the packaging reaction.
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2. 3 MATERIALS AND METHODS

Phage plating, media, buffers, stock preparation, generation of RF DNA, and DNA

isolation. The reagents, media, buffers, and protocols for single-stranded and RF DNA

isolation have been described previously [102, 137].

Bacterial strains, phage strains, and plasmids. The Escherichia coli C strains C122

(sup0) and BAF30 (recA) have been described previously [102, 137]. The C900 strain

contains the host slyD mutation, which confers resistance to E protein-mediated lysis

[112]. The øX174 nullD mutant and the plasmid pøXDJ have been described previously

[16].

To construct pG4/ øXD, a complementing clone of the G4 external scaffolding protein

and DNA binding protein, pG4DJ, was first constructed. G4 am(E) RF DNA was

digested with Hae III and Sac II to release the D- and J-encoding region. The fragment

was ligated into pSE420 (Invitrogen) between the Sma I and Sac II sites in the

multicloning site. The cloned genes were under lactose induction. To construct pG4/øXD,

pG4DJ served as the template for PCR amplification with a primer that introduced and

NheI site after the sequence that encode α-helix 1 (an identical site had previously been

engineered into the øX174 sequence [52]) and a downstream primer that annealed to the

pSE420 multicloning site. The resulting fragment was then ligated into pøXDJ after it

was digested with the same enzymes. To construct the clone expressing the α-helix 1
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deletion protein, pøXDJ DNA was amplified with a primer that introduced an NcoI site

after the sequences encoding α-helix 1 and a downstream primer that annealed to the

pSE420 multicloning site. The fragment was digested with Nco I and PstI and ligated into

pSE420 digested with the same enzymes.

Isolation of chimeric-protein utilizer mutants. The øX174 nullD mutant was plated on

BAF30pG4/ øXD and incubated at 30 or 33°C until plaques appeared. Progeny were

stabbed into indicator lawns seeded with C122, BAF30 pG4/ øXD, and BAF30 pøXDJ.

Utilizers were identified by the retention of the complementation-dependent phenotype

and their ability to grow at restrictive temperatures on BAF30 pG4/ øXD.

Detection of virion and intermediate particles from infected cells. One 100ml of slyD

pG4/ øXD cells was infected with øX174 wild-type, nullD, or utT204I/nullD phage at a

multiplicity of infection of 3.5 and incubated for 4 h at 30°C or 37°C. Cells were pelleted,

resuspended in 2.0ml BE buffer [137], and lysed. Extracts were prepared as described

previously [131]. Virions and soluble proteins were isolated in CsCl gradients [16]. After

dialysis, extracts were concentrated to 200µl, layered atop 5 to 30% sucrose gradients,

and spun at 45,000rpm for 1 h in an SW50.1 rotor. Material was detected by taking

readings of the optical density at 280nm (OD280) of each fraction. The position of

infectious virion was determined by plaque assays.
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2. 4 RESULTS

Biological activity of the G4/øX174 chimeric external scaffolding protein. A chimeric

G4/øX174 external scaffolding gene was constructed as described in Materials and

Methods. The expressed protein contains α-helix 1 from bacteriophage G4; the remainder

of the protein is derived from øX174. To determine whether the chimeric protein could

support virion morphogenesis, the cloned gene was assayed for the ability to complement

a øX174 nullD mutant in plaque assays (Table 2.1). A clone of the wild-type protein was

used as a control. Unlike the wild-type protein, which supported growth at all

temperatures, the chimeric protein supported plaque formation only above 35°C.

Although the plating efficiency was close to that of the positive control, the plaque size

was considerably reduced, suggesting weak complementation (see below). Extragenic

mutations that can utilize the chimeric external scaffolding protein between 30 and 35°C

have been isolated (see below). Therefore, the cold-sensitive complementation phenotype

most likely does not reflect protein folding or scaffolding protein dimerization defects.

Biochemical analysis of particles produced by the chimeric protein of G4/øX D

external scaffolding protein during assembly. To determine the morphogenetic steps

not supported by the chimeric protein, the assembly intermediates synthesized in slyD

cells expressing the chimeric protein were analyzed. The slyD mutation blocks øX174 E

protein-mediated lysis. After incubation, cells infected with either øX174 nullD or wild-

type phages were pelleted to remove unabsorbed virions. After chemical lysis, 1.3 to 1.4
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gm/cm3 material which contained soluble proteins and assembled particles was purified

in CsCl gradients, concentrated, and analyzed by sucrose gradient sedimentation. After

the fractionation, uninfectious assembled particles (procapsids, degraded procapsids, or

nonviable virions) were detected by spectroscopy (OD280); infectious particles (virion or

114S virion) were detected by both spectroscopy and a direct plating assay.

Figure 2.3 presents the results of these experiments. Plaque assays are more sensitive

than spectroscopy in detecting small amounts of virions that may be produced during

infections. Therefore, the titer data for the fractions (1 to 10) that contain infectious

particles (114S virions and 132S provirions) are presented in the figure. The particles

within fractions 1 to 10 that were detected by spectroscopy OD280 (data not shown) were

also detected by plaque assays. Thus, no uninfectious virion-like particle, such as 108S

native procapsids, were detected in these assays. OD280 readings are presented for

fractions 11 onward. Unlike the wild-type control, at the nonpermissive temperature of

30°C, øX174 nullD-infected cells (Figure 2.3A) produced no large particles, indicating a

defect early in the assembly pathway. At 37°C, both 114S particles (infectious virions)

and 70S particles (degraded procapsids; see below) were detected (Figure 2.3B).

However, unlike the products of the wild-type infection, 70S particles were more

prevalent than virions, as determined by both titer and spectroscopy with the most

infectious fraction. The OD280 of the wild-type fraction was 0.2 (data not shown), while

the corresponding OD280 of the mutant fraction was not above background (0.02). These
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data indicate that the chimeric external scaffolding protein confers two assembly defects:

procapsid formation, which is more pronounced at 30°C, and DNA packaging.

Characterization of 70S particles. 70S particles usually represent degraded procapsids,

which were never filled and which lost the scaffolding proteins [52, 135]. To determine

whether the 70S particles observed were degraded procapsids, spectroscopy and sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were performed. The

OD280/OD260 ratio for procapsids and virions were 0.90 ± 0.05 and 1.55 ± 0.05,

respectively [6]. The OD280/OD260 ratio of the 70S particle was determined to be 0.93,

which indicates protein particles containing little or no DNA. SDS-PAGE analysis

(Figure 2.4) of the 70S particles revealed three bands at 48kDa, 37kDa, and 20kDa,

which correspond to coat (F), minor spike (H) and major spike (G), respectively.

Isolation of øX174 mutants that can utilize the G4/øX174 chimeric external

scaffolding protein. As shown in Table 2.1, the chimeric protein supports

morphogenesis only at elevated temperatures. To isolate mutants that can productively

utilize the chimeric protein at lower temperatures, øX174 nullD was plated on cells

expressing the chimeric protein at 30 and 33°C. Utilizers were identified by their ability

to plate on BAF30 pG4/øX D but retained a D protein complementation-dependent

phenotype. The mutations are listed in Table 2.1 along with the number of independent

isolations. Initially, genes D and F, which encode the external scaffolding protein and

major coat protein, respectively, or utilizers’ genomes were sequenced. The D gene
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sequencing confirmed the presence of the nullD background. All of the utilizer mutations

conferred substitutions in the viral coat protein and formed a cluster in the tertiary

structure (see Discussion). The entire genome of one of the utilizers, the utS221L/nullD

mutant, was sequenced. No other mutations were found, indicating that the identified

amino acid substitution was both necessary and sufficient for chimeric protein utilization.

Characterization of øX174 mutants that can utilize the G4/øX174 chimeric external

scaffolding protein. The intermediate particles synthesized in utT204I/nullD mutant-

infected cells expressing the chimeric protein were also analyzed as described above

(Figure 2.3). Unlike øX174 nullD infections, infectious virions and 70S particles were

isolated at both temperatures. Furthermore, the relative particle ratio did not differ

significantly from the wild-type infection, suggesting that the utilizer mutation suppresses

both the procapsid assembly and the DNA-packaging defects and that the two defects

may be fundamentally related. To determine whether the utilizer mutations circumvent

the need for the D protein first α-helix, a clone expressing an N-terminal deletion protein

was assayed for the ability to complement the utilizer mutation/nullD strains. No

complementation was detected, indicating that these mutants still require the first α-helix

for assembly.
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2. 5 DISCUSSION

In a previous study, an α3/øX chimeric D protein was constructed [16, 52]. This chimeric

protein neither supported øX174 procapsid morphogenesis nor inhibited the wild-type

protein in coinfections. However, this protein strongly inhibited wild-type α3

morphogenesis. From these data, a preliminary hypothesis was formed: the first helix is a

substrate specificity domain, vis-à-vis coat protein recognition, and mediates the initial

coat protein interaction. However, attempts to probe this hypothesis further were limited.

For example, øX174 mutants that could utilize the chimera could not be isolated.

Therefore, it was not possible to exclude other models involving defects, such as subunit

dimerization, which would have produced similar experimental results. The inability to

isolate utilizer mutants was probably due to the large amino acid divergence between the

two phages. The first α-helices share only 23% identity, while the G4 and øX174 helices

share 73% identity. Thus, the G4/øX chimeric D protein described in this report was

constructed.

Unlike the α3/øX chimera, the G4/øX chimera supported øX174 viral replication above

33°C, albeit poorly. Consistent with the hypothesis that α-helix 1 mediates the first

contact with the viral coat protein, the results of biochemical analyses demonstrated that

procapsids were not formed below this temperature. While procapsid form at higher

temperatures, DNA-packaging efficiency was severely reduced, suggesting that coat-

scaffolding associations may be too weak to maintain the open pores at the threefold axis

of symmetry, through which the genome is most likely translocated (see below).
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Chimeric G4/øX D protein utilizers were isolated. These utilizers suppress both the

procapsid morphogenesis and DNA-packaging defects, indicating that these two

phenomena may be related. The utilizer mutation/nullD double mutants were not rescued

by the expression of a D protein lacking the fist helix, suggesting that they do not confer

an α-helix 1-independent phenotype. The utilizer substitutions cluster in α-helix 4 of the

viral coat protein, in adjacent loop regions, which could affect the orientation of the helix,

and in other threefold-related regions (Figure 2.5). While it is impossible to ascertain

which D subunit is involved in this interaction, three key structural and genetic

observations suggest that it is the D4 subunit. (i) This subunit is located at the threefold

axis of symmetry and is in the closest proximity to α-helix 4 of the coat protein. (ii) Helix

1 points downward, toward the coat protein, only in this subunit. (iii) Genetic data

indicate that the interactions between D4 and the underlying coat protein are more

extensive than indicated by the crystal model, in which the coat protein has fallen inward

[52].

Recently, the structure of the external scaffolding protein prior to its interaction with

other structural proteins was solved [12]. The asymmetric dimers consist of a DA and a

DB subunit, which resembles the structure of the dimers found in the procapsid. However,

there are pronounced differences, which are localized to regions believe to mediate

critical interactions with the viral coat protein, one of which is α-helix 1. Those structural

studies, together with the data presented here, suggest a more detailed assembly model.
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Before interacting with other viral proteins, the D protein exists as dimers and tetramers

in solution [12]. Thus it is not unreasonable to assume that tetramers attach to pentamers

of the coat protein. Several observations indicate that the initial D-F protein interaction

involves α-helix 1 of a DB subunit in a tetramer recognizing threefold-related viral coat

protein sequences in an adjacent fivefold-related asymmetric unit. For example, the

G4/øX and α3/øX chimeric proteins [52] do not support large-particle formation under

nonpermissive conditions. However, unlike other mutant D proteins that affect later

morphogenetic stages, they do not inhibit wild-type external scaffolding protein

formation in coinfected cells. The clustering of utilizer mutations and several structural

models [7, 8, 12, 105] suggest that the interacting DB subunit becomes the D4 protein, as

visualized in the procapsid. This, in turn, would bring the rest of the tetramer in contact

with the underlying viral coat protein. α-helix 7 of D4 then associate with the coat protein

to locate tetramers in the right position [7, 52]. The resulting pentameric particles most

likely associate via twofold-related D-D interactions mediated by loop 5 sequences [7,

12]. After procapsid formation, interactions between α-helix 1 of D4 and threefold related

viral coat protein sequences must be maintained for successful DNA packaging, which

provides more evidence, albeit indirect, that a pore at the threefold axis of symmetry is

the site of DNA entry.
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TABLE 2.1. Complementation of nullD and utilizer mutation/nullD øX174mutants by

wild-type and chimeric G4/øX174 external scaffolding proteinsa.

External scaffolding protein
Complementation

Strainb G4/øX chimera at Wild-type Protein at

30°C 37°C 30°C

Wild type 1.0 1.0 1.0

nullD 10-4 0.7 1.0

utP12S/nullD (2) 0.7 1.0 1.0

utP138T/nullD (1) 1.0 1.0 1.0

utS187F/nullD (3) 0.3 0.4 1.0

utA201V/nullD (2) 1.0 0.5 1.0

utT204I/nullD (2) 0.3 1.0 1.0

utT204D/A205G/nullD (1) 0.4 0.7 1.0

utM212I/nullD (1) 0.4 0.7 1.0

utE214H/nullD (1) 10-3 0.7 1.0

utS221L/nullD (5) 0.4 0.6 1.0

utS227P/nullD (1) 0.9 0.9 1.0

utD316N/nullD (1) 0.2 0.8 1.0

a Complementation is reported as the plating efficiency titer with the chimera/titer with

the wild-type protein.
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TABLE 2.1. - Continued

b The first letter and number in the name of each utilizer mutation indicate the wild-type

amino acid found at that position in the wild-type coat protein sequence. The second

letter indicates the substitution that confers the utilizer phenotype. Numbers within

parentheses indicate the numbers of independent isolations of the mutants.
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FIGURE LEGENDS

Figure 2. 1 øX174 morphogenesis

Figure 2. 2 (A) Four external scaffolding protein subunits associated with each symmetric

unit; (B) primary sequence of α-helices 1 from bacteriophages G4, øX174, and α3.

Figure 2. 3 (A) Particles produced in cells expressing the chimeric G4/øX D protein at

30°C. (B) Particles produced in infected cells expressing the chimeric G4/ øX D protein

at 37°C. Infectious particles within fractions 1 to 10 (114S virions and 132S provirions)

were detected by plaque assays. OD280 readings are presented for fractions 11 onward,

which contain uninfectious particles (70S degraded procapsids). Symbols: triangles, wild

type; squares, nullD mutant: diamonds, utT204I/nullD mutant.

Figure 2. 4 Protein compositions of 70S particles (degraded procapsids).

Figure 2. 5 (A) Locations of utilizer mutations within the atomic structure of the viral

coat protein. The utilizer mutations are identified by circles. (B) Locations of utilizer

mutations in the atomic structure of a procapsid at the threefold axis of symmetry,

containing both the viral coat and the D4 external scaffolding proteins.



81

F
ig

ur
e

2.
1



82

F
ig

ur
e

2.
2



83

Figure 2. 3
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Figure 2. 4
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CHAPTER 3

THE CHARACTERIZATION OF A PUTATIVE SUBSTRATE SPECIFICITY

DOMAIN IN MICROVIRUS EXTERNAL SCAFFOLDING PROTEINS

3. 1 ABSTRACT

Microviruses (canonical members: øX174, G4, and α3) are T=1 icosahedral virions with

a two scaffolding protein-mediated assembly pathway. The external scaffolding protein

D plays a major role during morphogenesis, particularly in icosahedral shell formation.

The results of previous studies, conducted with over-expressed chimeric external

scaffolding proteins, suggest that the first α-helix acts as a substrate specificity domain,

perhaps mediating the initial coat-external scaffolding protein interaction. However,

protein concentrations higher than those found in typical infections could drive reactions

that may not occur under physiological conditions. In order to elucidate a more detailed

mechanistic model, a G4/øX174 chimeric external scaffolding gene was placed directly

in the øX174 genome, under wild-type transcriptional and translational control, and the

chimeric virus was characterized. The results of the genetic and biochemical analyses

indicate that α-helix 1 most likely mediates the nucleation reaction for the formation of

the first assembly intermediate containing the external scaffolding protein. Mutants that

can more efficiently use the chimeric scaffolding protein were isolated. These second-site

mutations appear to act on a kinetic level, shortening the lag phase before virion

production. The second-site mutations may lower the critical concentration of the

chimeric protein required for a nucleation.
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3. 2 INTRODUCTION

The assembly of viral proteins and nucleic acids into a biologically active virion involves

diverse and numerous macromolecular interactions. Besides correct interactions among

structural proteins, many viral systems require scaffolding protein support for proper

morphogenesis. Scaffolding proteins temporarily associate with structural proteins,

stimulating conformational changes that nucleate assembly and ensure morphogenetic

fidelity. First characterized in the dsDNA bacteriophage P22 [53], these proteins

associate with assembly intermediates, but are absent from mature virions. Most well

studied DNA bacteriophages and many animal viruses, such as Herpesviridae [57] and

Adenoviridae [58], require scaffolding protein support for proper virion assembly. In

general, internal scaffolding proteins are more common, and functionally better

characterized than external scaffolding proteins. An example of a well-characterized

external scaffolding protein is the P4 Sid protein in the P2-P4 bacteriophage system. P2 is

a dsDNA bacteriophage with T=7 symmetry containing 415 copies of major capsid

protein, gpN. However, during co-infection of dsDNA bacteriophage P2 and P4, or

infection of a P2 lysogen with P4, a smaller T=4 capsid is formed containing only 235

copies of gpN-derived protein exclusively mediated by the P4-encoded Sid protein [65,

67].

Microviruses (canonical members: øX174, G4, and α3) are T=1 icosahedral virions with

scaffolding protein-mediated assembly pathways. Microvirus morphogenesis is unique in

that it depends on two scaffolding proteins, an external (D protein) and an internal (B
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protein) species. Together, these two proteins perform the analogous scaffolding

functions found in one-scaffolding protein systems. The Microvirus assembly pathway is

illustrated in Figure 3. 1. The first detectable intermediates are the 9S and 6S particles,

respective pentamers of the coat and major spike proteins [99]. Five internal scaffolding

proteins bind to the underside of the coat protein pentamers, inducing a conformational

change that enables the pentamers to interact with major spike and external scaffolding

proteins, [99, 100]. While the identity of the next intermediate remains obscure, structural

data suggest that it contains coat (F), major spike (G), DNA pilot (H),  internal

scaffolding (B), and external scaffolding (D) proteins [8]. A particle sedimenting at 18S

may represent this intermediate [101, 102] (See Chapter 4). Twelve of these particles

then assemble into the procapsid (108S) most likely via twofold D protein related

interactions [8, 99, 103].

There are four external scaffolding subunits per coat protein, arranged as two asymmetric

dimers (D1D2 and D3D4), an arrangement that bears no resemblance to quasi-equivalence

(Figure 3. 2). Accordingly, each subunit makes a unique set of contacts with the

underlying coat and neighboring D proteins [8]. The external scaffolding protein consists

of seven α-helices. The body of the protein, α-helices 2-6, which mediates the vast

majority of intra- and inter-dimer contacts, is strongly conserved between all

Microviruses. However, considerable divergence occurs in α-helices 1 and 7 (Figure

3.2B).
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Previously, biochemical analyses were conducted with an α3/øX174 or G4/øX174

chimeric external scaffolding protein, in which α-helix 1 of øX174 was replaced by α-

helix 1 of α3 or G4 phage respectively. These results suggested that α-helix 1 acts as a

coat protein substrate species specificity domain early in the morphogenetic pathway [15,

52], interacting with α-helix 4 of the coat protein [15]. However, in these studies the

chimeric protein was over-expressed from a high copy number plasmid. In an effort to

elucidate a more mechanistic and physiologically relevant model, the chimeric gene was

constructed directly in the phage genome. The results of biochemical, kinetic, and genetic

analyses here suggest that the interactions between α-helix 1 of D protein and α-helix 4 of

F protein are responsible for nucleation of D-F protein association, which is the formation

of 18S. Also, the chimeric external scaffolding protein requires a higher critical

concentration to nucleate assembly.
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3. 3 MATERIALS AND METHODS

Phage plating, media, buffers, stock preparation, generation of ssDNA, RF DNA,

and DNA isolation. The reagents, media, buffers, and protocols for single-stranded and

replicative-form (RF) DNA isolation have been described previously [102, 137].

Bacterial strains, phage strains, and plasmids. The Escherichia coli C strains C122

(sup0) and BAF30 (recA) have been described previously [102, 137]. The C900 strain

contains the host slyD mutation, which confers resistance to E protein-mediated lysis

[112]. The RY7211 E.coli strain that confers resistance to G4 phage E protein-mediated

lysis was kindly given by Dr. R. Young (Texas A&M University). The øX174 nullD

mutant and the plasmid pøXDJ [16], pG4/øX D [15] have been described previously. The

protocol for site-directed mutagenesis has been previously described [137].

To construct øX174 IPC, a downstream primer that encodes complete G4 α-helix 1

sequence immediately followed by Nhe I site with 29bp of øX174 sequence immediately

upstream of G4 sequence was designed. The øX174 genome was served as a PCR

template with the new downstream primer and an upstream primer that anneals to the

unique Xho I site of øX174. The fragment was digested with Xho I and Nhe I and

inserted into øX174 RF DNA after it was digested with the same enzymes. Ligated

genome was transfected into cells harboring pøXDJ. Oligonucleotide-mediated

mutagenesis [137] was used to place the pf (G) A105V and pf (D) V134P mutations in

IPC background.
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G4 phage nullD mutant was constructed by site-directed mutagenesis by replacing the

start codon with an ocher mutation. To construct pøX/G4 D, PCR was performed on the

wild-type G4 genome using a downstream primer that introduces Nhe I site immediately

after α-helix 1 and an upstream primer that anneals to an indigenous Sac II site. The PCR

product and pøXDJ [16] were digested with Nhe I and Sac II before ligation.

Isolation of pf IPC mutants. In order to isolate single pfIPC mutants, 106 øX174 IPC

was plated on C122 and incubated at 37°C until plaques appeared. To isolate double

pfIPC mutants, 106 of pf (F)D333H, was plated on C122 and incubated at 28°C until

plaques appeared.

Isolation of mutant G4 mutants that can utilize the øX/G4 D. High titer of G4 nullD

was plated on cells expressing the øX/G4 D protein and incubated overnight at room

temperature. Plaques were picked onto lawns seeded with C122 and BAF30 pøX/G4, and

screened for the ability to grow only on BAF30 pøX/G4 host.

Detection of virion and intermediate particles from infected cells. Protocols for the

detection of large intermediates and end products from infected cells were previously

described [15], except for the use of Nanosep (Pall Corporation) to concentrate proteins.
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Determination of growth curve. Two milliliter of slyD cells, placed in 37°C or 30°C

water bath, were infected with IPC, pfIPC #1, pfIPC #14, or cdah1 at T=0. At T=5, 10,

15, 20, 25, 30, 45, 60, 75, and 90, 100ul of samples were taken from the reaction and

immediately lysed by lysozyme and chloroform, and titered.
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3. 4 RESULTS

Biological activity of the in-phage chimera (IPC) carrying G4/øX174 chimeric

external scaffolding protein gene. As previously reported, the chimeric G4/ øX174

external scaffolding gene was able to complement a øX174 nullD mutant when the

protein was over-expressed [15]. To determine if the chimeric protein could support

morphogenesis when expressed at physiologically relevant levels, the chimeric gene was

placed directly into the genome, øX174 IPC (in-phage chimera), replacing the wild-type

gene. In contrast to the over-expressed cloned gene, the chimeric gene is most likely

under the same transcriptional and translational control as the wild-type gene. Under

these conditions, the chimeric protein failed to support growth at the level of plaque

formation (Table 3.1) at all temperatures. Thus, over-expression of the chimeric protein

appears to be required for viability, suggesting that a higher critical concentration of the

chimeric protein is required to nucleate a certain step of assembly, which may not be

reached before programmed cell lysis.

To test this hypothesis, the kinetics of phage formation was examined for wild-type,

øX174 IPC, and øX174 cdah1 in infected slyD cells. The slyD mutation blocks øX174 E

protein-mediated lysis, thus delays in progeny production can be detected. The øX174

cdah1 strain also contains a chimeric D gene [52]. In this strain, first 22 codons of gene D,

which encode α-helix 1, have been replaced by the analogous DNA sequence from

bacteriophage α3. The chimeric protein expressed from cdah1 is known to have no

activity, suggesting no interaction with the øX174 structural proteins, thus serving as a
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negative control. Cells were infected at an m.o.i. of 3, and aliquots were removed at

designated time points, chemically lysed, and progeny titer was determined by plaque

assays. As can be seen in Figure 3.3A, wild-type øX174 progeny production can be

detected as quickly as 10 min post- infection. Progeny production in øX174 IPC infected

cells is delayed by 15 minutes while cdah1 failed to produce progeny even 90 min post-

infection. The longer lag phase observed in øX174 IPC infected cells supports the

hypothesis that a higher critical concentration of the chimeric external scaffolding protein

may be required for assembly. The inability of øX174 IPC to form plaques in lysis-

sensitive cells is most likely due to cell lysis occurring before progeny formation.

Isolation of IPC derivative mutants that are able to form plaques in wild-type (lysis-

sensitive) cells. To further elucidate the mechanism of α-helix 1 function, øX174 IPC

mutants capable of plaque formation (pfIPC) were isolated by a direct genetic selection at

37°C. A second-site mutation in the viral coat protein at the threefold axis of symmetry,

pfIPC #1 (F) D333H (Table 3.1) was identified, as it was in the previous study [15]. The

other mutations were novel, mapping to another region of the coat protein (pfIPC #2), the

minor spike protein (pfIPC #3 and #4), and the external scaffolding protein pfIPC (#5

and #6). However, the changes in the external scaffolding protein do not reside in α-helix

1.

Since most of the pfIPC mutants were not able to form plaques at 28°C, a second round

of selection was performed with pfIPC #1 at 28°C in order to obtain double pf mutations.
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Several double mutants that have overcome the cold-sensitive phenotype were isolated

(Table 1: pf IPC #7~ #15). Most additional mutations were found in gene F at the

threefold axis of symmetry as seen in the previous study (pfIPC #8~12). Other

substitutions were found in the major spike (pfIPC #13) and external scaffolding proteins

(pfIPC #7, #14 and #15). The mutants that confer mutations in the D gene ribosome

binding site (RBS) or promoter were not isolated (See Discussion). The complete

genomes of the parental and all of the pfIPC mutants were determined, and no other

mutations were found. Thus, the identified pf mutations are most likely both necessary

and sufficient to confer the observed phenotypes.

The pf mutations act on a kinetic level. The chimeric D protein can support

morphogenesis in lysis-deficient cells, but not plaque formation in lysis-sensitive cells. In

lysis-deficient cells, progeny production is delayed relative to wild-type. These data

suggest that the pf mutations may act on a kinetic level. To test this hypothesis, the

kinetics of pfIPC øX174 was examined. As can be seen in Figure 3.3A, progeny

production in pfIPC #1 infected cells at 37°C was observed 15 min post-infection, as

opposed to 20min post-infection in IPC infected cells. The shorter lag phase in the pfIPC

#1 infected cells suggests that the pf substitution may lower the critical concentration of

the chimeric protein needed to nucleate a stage of assembly.

In order to see if double pf mutations also acted by shortening lag phase in vivo, the

kinetic growth curve of pfIPC #15 was determined at the temperature the mutant was
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isolated. As seen in Figure 3.3B, progeny production of pfIPC #15 was observed as

quickly as 25min post-infection at 30°C (Figure 3B). The production of double pf mutant

progeny occurred 10 min earlier than the single pf mutant. The double pf mutant

exhibited a shorter lag phase than IPC or single pfIPC mutant. These results suggest that

double pf mutants also act at the kinetic level, and are consistent with the observed

plaque forming phenotypes.

Further characterization of the pf mutants. The results of the previous study

demonstrated that the chimeric external scaffolding proteins conferred two assembly

defects [15]. At lower temperatures, assembly is inhibited prior to procapsid formation.

While virions were produced at higher temperatures, a significant amount of the degraded

procapsids were also produced, suggesting that α-helix 1 can affect DNA packaging, by

stabilizing a pore at the threefold axes of symmetry through which DNA enters the

procapsid.

In order to determine the assembly process in which the second-site mutations are acting,

assembly intermediates synthesized in slyD cells were analyzed. After 4hrs of incubation

at 37°C, cells infected with wild-type øX174, IPC, and single pfIPC (#1) were pelleted to

remove unabsorbed virions. The double pfIPC (#15) mutant infection was incubated at

lower temperature at which the mutant was isolated. After chemical lysis, 1.3 to 1.4

gm/cm3 material containing soluble proteins and assembled particles was purified in CsCl

gradients, concentrated, and analyzed by sucrose gradient sedimentation. After
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fractionation, infectious particles and uninfectious assembled particles were detected by

spectroscopy (OD280). Infectious particle peaks were confirmed by direct plating assays.

Figure 3.4 presents the results of these experiments. The graph exhibits an infectious

particle peak at fraction 6, corresponding to 114S infectious virion, and an uninfectious

particle peak at fraction 17, corresponding to 70S degraded procapsid that have lost

external scaffolding proteins during the experimental procedure due to unstable coat-

external scaffolding protein interactions. Thus, accumulation of 70S particle indicate the

accumulation of procapsid (108S) [15]. The IPC, single pfIPC, and double pfIPC mutant

produced approximately the same ratio of infectious and uninfectious particles while

wild-type produced significantly more infectious virions than uninfectious particles.

These results suggest that although IPC and pfIPC mutants can produce progeny over

time, the assembly integrity is very low, especially at the level of DNA packaging

process. Hence, these suppressors appear to work at only the level of kinetic speed prior

to procapsid formation.

Biological activity of the øX174/ G4 chimeric external scaffolding protein. In order to

determine if the similar biological phenomenon is observed in G4 phage system, a

chimeric øX174/G4 external scaffolding gene was constructed in plasmid as described in

Materials and Methods. The expressed protein contains α-helix 1 from øX174; the

remainder of the protein is derived from bacteriophage G4. The wild-type G4 D gene was

used as a control. The similar phenomenon was observed by plaque assays and second-
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site mutation analyses (Table 3.2). Unlike the wild-type protein, which supported growth

at all temperatures, the chimeric protein did not support plaque formation at any

temperatures. However, the G4 nullD mutant produced infectious progeny in lysis-

deficient cells when the chimeric øX174/ G4 external scaffolding protein was over-

expressed from plasmid. The extragenic mutations that allow the utilization of the

chimeric external scaffolding protein between 24-33°C have been isolated. The

substitutions reside in the same location of the coat protein as those seen in the øX174

IPC mutants: M212I at the 3-fold axis of symmetry, and Q80R at the twofold axis of

symmetry. These results suggest that switching α-helix 1 between øX174 and G4 phage

in the G4 system results in a similar phenomenon observed in øX174.
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3. 5 DISCUSSION

The results of previous studies with chimeric external scaffolding proteins suggest that α-

helix 1 may be a substrate specificity domain vis-à-vis coat protein recognition [15].

However, protein concentrations higher than those found in typical infections could drive

reactions that may not occur under physiological conditions [16, 52]. In order to elucidate

a more detailed mechanistic model, the protein needs to be expressed at physiological

levels. To this end, an in-phage chimera (IPC) of øX174, in which α-helix 1 of external

scaffolding gene was replaced by that of G4, was constructed. In contrast to the over-

expressed cloned gene, the chimeric gene is under the same transcriptional and

translational control as the wild-type gene.

Chimeric external scaffolding protein may require a higher critical concentration

for virion assembly: IPC was not able to form plaques at any temperature without the

over-expression of an exogenous external scaffolding protein, either the wild-type øX174

or the G4/øX chimeric protein. Thus, the chimeric external scaffolding protein only

supports plaque formation when over-expressed. This concentration dependent

phenomenon suggests that a higher critical concentration of the chimeric protein may be

necessary for efficient IPC assembly. In IPC infected wild-type cells, this concentration

may not be met before programmed cell lysis. As demonstrated here (Figure 3.3), fully

infectious IPC virions are produced in lysis deficient cells, but production is delayed

relative to wild-type. These observations are consistent with the hypothesis that a higher

critical concentration of the chimeric external scaffolding protein is required for the
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formation of an assembly intermediate, most likely the 18S particle. Considering the 18S

particle is the first assembly intermediate in which the external scaffolding and coat

protein pentamer come in to contact, α-helix 1 most likely mediates the nucleation of 18S

particle formation.

Second-site mutations act at the level of kinetics. According to previous findings with

the over-expressed protein, the chimeric external scaffolding protein confers two

assembly defects [15]. At lower temperatures, assembly is inhibited prior to procapsid

formation. While virions were produced at higher temperatures, a significant amount of

the degraded procapsids were also produced, suggesting that α-helix 1 can affect DNA

packaging, perhaps by stabilizing a pore at the threefold axes of symmetry through which

DNA enters the procapsid. Plaque forming second-site mutations were isolated in the IPC

background and characterized. While these mutations appear to act on a kinetic level,

shortening the lag phase before virion production (Figure 3.3), they appear to have little

or no effect on the DNA packaging defect (Figure 3.4). The IPC and pfIPC mutants

produce approximately the same amount of infectious virions and degraded procapsids,

while wild-type øX174 infections yield significantly more infectious virions.

Mechanisms conferred by second-site mutations: Although 15 different pfIPC mutants

have been isolated, mutations in either the D protein promoter or RBS were not recovered,

suggesting that a single mutation in these genetic elements cannot increase protein levels
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to the required critical concentration to support plaque formation. In stead, the mutations

most likely affect the affinities of the interacting proteins or components.

Many of second-site mutations are located in the viral coat protein at the three-fold axis

of symmetry, supporting a model in which α-helix 1 of the external scaffolding protein

interacts with α-helix 4 of the coat protein. Structural studies of the øX174 closed

procapsid, which is believed to be an off-pathway product, reveal very few interactions

between first α-helix of protein D and any structural proteins [7, 8]. However, this off-

pathway product has no pore at the three-fold axis of symmetry, while the pore is

observed in the cryo-EM reconstruction [6]. Thus, biologically important interactions

were lost in the crystal structure. In the findings reported here, several mutations were

also found in the major spike and external scaffolding proteins outside of α-helix 1. The

suppressing D protein residues cluster in a loop which is in the D1 subunit and extends

toward the major spike protein (Figure 3. 5). The suppressing residue in the major spike

protein is also in close proximity to α-helix 1 of both the D1 and D2 subunits. These

mutations may act by creating an assembly alternate nucleation site for 18S particle

assembly or may lead to more stable 18S particle after formation.
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Table 3. 1. List of pfIPC mutants and their plaque forming ability

Virus strainb No plasmid pG4/ øX174 D Change

28°C 37°C 28°C 37°C

nullD øX174 <10-4 <10-4  <10-4 1.0

IPC <10-4 <10-4  <10-4 1.0

pf IPC #1 <10-4 1.0 1.0 1.0 (F)D333H 

 #2 1.0 1.0 0.7 1.0 (F)Q81R

#3 <10-4 0.5 10-2 1.0 (G)A106T

#4 <10-4 1.0 10-3 1.0 (G) A106G

#5 <10-4 1.0 <10-4 1.0 (D) T46I

#6 <10-4 1.0 10-3 1.0 (D) V134P

#7 0.1 1.0 1.0 1.0 (F)D333H/ (F) D88G 

#8 1.0 1.0 1.0 1.0 (F)D333H/ (F) T189I  

#9 0.5 <10-4  1.0 1.0 (F)D333H/ (F) A198T

#10 1.0 1.0 1.0 1.0 (F)D333H/ (F)A201V

#11 1.0 1.0 1.0 1.0 (F)D333H//(F)V318P

#12 1.0 1.0 1.0 1.0 (F)D333H/(F)T426A

#13 1.0 1.0 1.0 1.0 (F)D333H/(G)A106V

#14 1.0 1.0 1.0 1.0 (F)D333H/ (D)V134P

#15 1.0 1.0 1.0 1.0 (F)D333H/ (D) D47N
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Table 3. 1 - Continued

a Complementation is reported as the plating efficiency: (pfu at the designated condition)/

(pfu with over-expressed chimeric external scaffolding proteins at 37°C).

b Letters in parenthesis indicate genes where mutations locate. The first letter and number

indicate the wild type amino acid found at that position.
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Table 3. 2. Complementation of nullD and utilizer mutation/nullD G4 mutants by wild-

type and chimeric øX174/G4 external scaffolding proteinsa.

External scaffolding protein complementation

Strainb øX/G4 chimera at Wild-type protein at

24°C 30°C 24°C 30°C

Wild-type 1.0 1.0 1.0 1.0

nullD 10-4 10-4 10-4 10-4 

utM212I /nullD 1.4 0.4 0.2 1.0

utM212I/Q80R/nullD 0.6 1.2 10-3 1.0

a Complementation is reported as the plating efficiency (titer with the chimera at

designated temperatures/titer with the wild-type protein at 30°C).

b The first letter and number in the name of each utilizer mutation indicate the wild-type

amino acid found at that position in the wild-type coat protein sequence. The second

letter indicates the substitution that confers the utilizer phenotype.
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FIGURE LEGENDS

Figure 3.1. øX174 morphogenesis

Figure 3.2. (A) The four external scaffolding protein subunits associated with each

asymmetric unit. (B) Alignment of external scaffolding protein α-helices 1 of G4 and

øX174.

Figure 3.3. (A) Growth kinetics of øX174 wild-type, øX174 cdah1, øX174 IPC, and

øX174 pfIPC #1 at 37°C; (B) kinetic growth curves of wild-type øX174, IPC, pfIPC #1,

and pfIPC #15 at 30°C. Solid lines represent phage that form plaques in lysis-sensitive

cells, dotted lines represent phage that do not form plaques in lysis sensitive cells.

Symbols: diamonds, wild-type; squares, øX174 pfIPC #1; triangles, øX174 IPC; circles,

øX174 cdah1; crosses, øX174 pfIPC #15. Samples were taken at T=5, 10, 15, 20, 25, 30,

45, 60, 75, 90, 150, and 180 min.

Figure 3.4. Particles produced in lysis deficient cells. Infection of øX174 pfIPC #15 took

place at 30°C. The rest of infections took place at 37°C. Wild-type values were

multiplied by 0.3 for purposes of graphing. Symbols: open circle, wild-type; diamonds,

øX174 IPC; squares, øX174 pfIPC #1; triangles, øX174 pfIPC #15.
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Figure 3.5. Location of the second-site suppressor in the major spike and external

scaffolding protein D1 subunit. Protein G and D1 subunit are colored in light blue and red

respectively. Mutations were depicted in light green.
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Figure 3. 2
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Figure 3.3
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Figure 3. 5
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CHAPTER 4

WORK IN PROGRESS

CHARACTERIZATION OF NOVEL EARLY ASSEMBLY INTERMEDIATES

OF øX174

4. 1 ABSTRACT

The characterization of øX174 early assembly intermediates has been problematic. The

protein composition of previously characterized assembly intermediates is inconsistent

with genetic and structural data. These inconsistencies mostly involve the absence of

scaffolding and DNA pilot proteins. By using improved protocols, two novel early

assembly intermediates, the 9S* and 12S* particles, have been isolated and characterized.

The 9S* particle consists of a coat protein pentamer associated with the internal

scaffolding protein. The 12S* intermediate is a complex of a 9S* particle with the major

spike protein, presumably the 6S pentamer, and the DNA pilot protein. The existence of

internal scaffolding and DNA pilot proteins suggest that 9S* and 12S* particles are

biologically active intermediates. Moreover, preliminary in vitro assembly experiments

performed with the 12S* particle and exogenous external scaffolding protein yield empty

capsids-like particle, strongly suggesting that these are the physiologically relevant

intermediates.
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4. 2 INTRODUCTION

Although the øX174 assembly pathway has been rigorously investigated since 1960’s, the

protein composition of the characterized early assembly intermediates is inconsistent with

current structural and genetic data. These inconsistencies involve both scaffolding

proteins (B and D) and the DNA pilot (H) protein. In the “traditional” øX174 assembly

pathway, the first detectable assembly intermediates are 9S and 6S particles, respective

pentamers of the major coat and major spike proteins (Figure. 4. 1) [99]. The next

hypothesized morphogenetic step involves the binding of five internal scaffolding

proteins to the underside of the 9S particle. However, this particle has never been

detected. Theoretically, the binding of the internal scaffolding protein should induce

conformational changes on the coat pentamer’s outer surface, which would allow the 6S

particle to bind to the outer surface, producing the 12S complex. Coat-internal

scaffolding protein interactions are required to build the 12S complex [100]. The internal

scaffolding protein is also known to facilitate pilot protein incorporation [135], but

previously characterized 12S particles [100] contain only coat and major spike proteins,

neither the internal scaffolding nor vertex-associated DNA pilot proteins are present.

In previous studies, radio-labeled assembly intermediates were characterized after being

generated in Mitomycin C treated or UV irradiated cells. These cell treatments reduce

background by inhibiting host cell DNA and protein synthesis. Unlike large dsDNA

viruses that encode host shut-off functions [144], øX174 does not dramatically affect host
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cell physiology. Cells remain alive and metabolically active until lysis occurs. In order to

reduce the background radioactivity, host cell activities needed to be suppressed. The

incorporation of radio-labeled materials into cellular DNA or proteins can be reduced by

over 99.5% with these treatments, which decrease the noise-signal ratio [145]. However,

these treatments have dramatic effects on host cell physiology and viability, which could

affect viral protein synthesis and assembly. Moreover, protocols that are known to

destabilize coat-scaffolding interactions, such as PEG 8000 and APS precipitations, were

often used [9, 146].

In order to fully elucidate the characteristics of early assembly intermediates, particles

were generated under biologically relevant conditions, chemical concentrating agents

were eliminated from protocols, and structural data were used to design mutants that

would inhibit specific steps in the early pathway. The utilization of these modified

protocols has led to the isolation of two novel assembly intermediates, the 9S* and 12S*

particles, which are more consistent with structural and genetic data. Revised øX174

assembly pathway is illustrated in Figure 4. 2. Preliminary in vitro assembly experiments

using the novel 12S* particle and exogenous external scaffolding protein produced empty

capsid-like particle, suggesting that these intermediates are biologically active.
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4. 3 MATERIALS AND METHODS

Phage plating, media, buffers, and stock preparation. The reagents, media, and

buffers have been described previously [102, 137].

Bacterial strains, phage strains, and plasmids. The Escherichia coli C strains C122

(sup0) and BAF30 (recA) have been described previously [102, 137]. The C900 strain

contains the host slyD mutation, which confers resistance to E protein-mediated lysis

[112]. The øX174 nullD mutant and the plasmid pøXDJ have been described previously

[16].

Detection of virion and intermediate particles from infected cells. 100ml of slyD cells

were infected with øX174 nullD phage at a multiplicity of infection (m.o.i) of 3.5 and

incubated for 4 h at 37°C. Cells were pelleted and resuspended in 2.0ml sucrose gradient

buffer (100mM NaCl, 5mM EDTA, 10mM Na+-K+ phosphate), and lysed by incubated

on ice for 20min with lysozyme and chloroform. RNase was added to lysates, followed

by incubation at 37°C for 2.0 min. Lysate were spun down and supernatants were

concentrated by Nanosep (Pall Corporation) 100KDa MW filetr to 200µl. Concentrated

lysates were layered atop 5 to 30% sucrose gradients, and spun at 34,000rpm for 24 h at

4°C in an SW50.1 rotor. After fractionation, material was examined by Sodium dodecyl

sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
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In vitro assembly. Protein D was expressed in a 100ml of E.coli BAF30 harboring

pøXND in TK media. After 3 hours of infection, cells were pelleted, resuspended in 2.0

ml of sucrose gradient buffer, and lysed by three freeze-thaw cycles. 12S* particles were

isolated as described above and concentrated to 150µl in Nanosep 100kDa MW filters.

Concentrated 12S* particles and 100µl of D protein containing extract were mixed and

incubated at 37°C for 30min. After concentrating to 200µl, the mixture was layered atop

5 to 30% sucrose gradients, and spun at 45,000rpm for 1 h at 18°C in an SW50.1 rotor.

After fractionation, material was examined by SDS-PAGE. For a control, concentrated

12S* particles were simply layered atop 5 to 30% sucrose gradient, and processed in the

same manner.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 15µl

samples were mixed with 6X loading buffer (12% SDS (v/w); 60% glycerol; 0.9mM

Bromophenol blue; 0.6M Dithiothreitol), and heated for 5min at 100°C. Samples were

loaded atop a 4.0% stacking gel (0.125M Tris, pH6.8 separation buffer; 0.1% SDS (v/w);

0.05% ammonium peroxydisulfate (v/w); 0.2% N,N, N, N,- Tetra-

methylethylenediamine). Samples were electrophoresed through a 15% separation gel

(0.375M Tris, pH8.8 separation buffer; 0.1% SDS (v/w); 0.065% ammonium

peroxydisulfate (v/w); 0.083% N,N, N, N,- Tetra-methylethylenediamine; Acrylamide:

Bis= 37.5:1). at 35mAMP in running buffer (12.5mM Tris, 96mM Glycine, and 0.05%

SDS (v/w)). Gels were stained with coomassie blue (0.25% coomassie brilliant blue R;
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40% methanol; 7% acetic acid), and destained with buffer (7% acetic acid and 40%

methanol). 

 

Electron microscopy. Grids with carbon coated films were floated in drops of samples,

washed with water for three times, and were negatively stained with 0.5% neutral sodium

phosphotungstate. Micrographs were taken by a CM300 FEG transmission electron

microscope (Philips, Eindhoven, The Netherlands).
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4. 4 RESULTS

The isolation of two novel putative assembly intermediates: The 9S* and 12S*

particles. Lysis resistant E.coli cells, slyD, were infected with the øX174 nullD mutant.

Cells were pelleted, lysed by lysozyme and chloroform, and treated with RNase as

described in Materials and Methods. The freeze-thaw cell lysis method used in the

previous studies [9, 99, 100, 147] was not used here since it can lead to scaffolding

protein loss (Fane and Uchiyama, unpublished results). Lysates were concentrated in spin

columns with a 100KDa MW cutoff. Thus, the majority of unincorporated internal

scaffolding (20KDa) and DNA pilot proteins (37KDa) were eliminated before sucrose

gradient sedimentation. After sucrose gradient sedimentation, samples were fractionated,

and sedimenting profiles of viral proteins were analyzed by SDS-PAGE.

Two novel particles were detected; the 9S* particle containing the coat and internal

scaffolding proteins, and the 12S* particle containing the coat, internal scaffolding, major

spike, and DNA pilot proteins (Figure 4. 3 A B). Previously observed 9S and 12S

particles were not found under these experimental conditions. The øX174 nullD mutant

infection with slyD cells expressing p∆α1 exhibited the same results, confirming that the

first α-helix is required for coat protein recognition and 18S particle formation.

Containing the internal scaffolding and DNA pilot proteins, the composition and

approximate stoichiometry of these particles are more consistent with structural and

genetic data.
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In an effort to thermodynamically trap the 18S particle, which is the complex of the 12S*

particle and the external scaffolding protein, plasmids that express mutant external

scaffolding proteins to inhibit pentamer-pentamer interactions were designed based on

the structural data. Structural data suggest the importance of residues E102 and E112 in

loop 5 of the D2 and D4 subunits in making interactions between asymmetric units across

twofold axes of symmetry [8]. Thus, these residues were changed to isoleucine or serine.

Small amounts of 18S particles were observed in some experiments (Figure 4.3 C), but

optimal conditions to isolate 18S have not been successfully defined.

Preliminary in vitro assembly data suggests that the 12S*particle is a true assembly

intermediate: In order to ensure that the 12S* particle is a true assembly intermediate, an

in vitro assembly experiment was performed using the newly isolated 12S* particle and

D protein, expressed from a plasmid. The concentrated 12S* particle and D protein were

mixed and incubated at 37°C for 30min and immediately analyzed by sucrose gradient

sedimentation as described in Materials and Methods. Samples were fractionated and

viral proteins were analyzed by SDS-PAGE. As a control, sucrose gradient sedimentation

profiles of only concentrated 12S* particle without D protein was analyzed. In the in

vitro reaction, viral protein was observed as early as fraction 16, which corresponds to the

migration of 70S degraded procapsid particle (Figure. 4. 4A). Again, the external

scaffolding protein appears to have dissociated. In the control sample, 12S* was observed

only after fraction 27 (Figure. 4. 4B), indicating that 12S* particles aggregated only in
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the presence of D protein containing cell extract. In order to examine the morphology of

aggregates, EM negative stain was performed on the fraction 17. This revealed capsid-

like structures (Figure. 4. 5) with approximately 26nm of diameter, which is the diameter

of the øX174 capsid. The results of these experiments represent the first time øX174

proteins have assembled into a capsid-like structure in vitro.
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4. 5 DISCUSSION

The 9S* and 12S* particles are novel assembly intermediates. Although several

assembly intermediates of øX174 have been characterized previously [98-100, 122, 148],

the characterization of the early assembly intermediates prior to procapsid formation has

been particularly challenging. In those studies, three early intermediates prior to the

procapsid have been isolated: 6S (pentamer of G protein), 9S (pentamer of F protein), and

12S (complex of a 6S and 9S) particles. None of these intermediates are associated with

either the internal scaffolding or DNA pilot proteins. However, according to current

genetic and structural data, the internal scaffolding protein is necessary to form the 12S

complex, and it facilitates the incorporation of the DNA pilot protein.

These inconsistencies may be due to the protocols used to treat cells in earlier

experiments. In those experiments, cells were treated with either Mitomycine C or UV-

irradiation and grown in minimal media in order to incorporate radioactivity. Under these

conditions, the level of protein synthesis is extremely low. It is possible that the

concentration of the B protein in infected cells is too low to maintain the B protein in the

on state, vis-à-vis the 12S complex. After cell lysis, this concentration would be reduced

even further. Moreover, protocols that are known to destabilize coat-scaffolding

interactions, such as PEG 8000, APS precipitations, and rapid freeze-thaw cycles were

also often used [9, 99, 100, 147].
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In an attempt to isolate biologically active intermediates, the protocols were changed to

eliminate chemically and physically harsh procedures, and infections took place under

physiologically relevant conditions. In order to isolate the intermediates before external

scaffolding protein involvement, slyD cells were infected with a øX174 nullD mutant.

Soluble protein products were extracted by relatively mild procedures: lysed only with

lysozyme and chloroform, and lysates were concentrated by protein concentration filter

without any chemical treatments. Sucrose gradient sedimentation profiles of protein

products were analyzed by SDS-PAGE, which revealed the two novel intermediates: the

9S* and 12S* particles. The 9S* particle contains coat protein and internal scaffolding

proteins, while the 12S* particle contains coat, internal scaffolding, major spike, and

DNA pilot proteins, protein compositions that are consistent with the current model of the

assembly pathway.

Isolation of 18S* particles. In an effort to isolate large quantities of 18S particles,

containing 12S* particle complexed with the external scaffolding protein, mutant D

proteins were designed to thermodynamically trap this intermediate. The atomic structure

of the procapsid suggests that the 18S pentamers associated across the twofold axes of

symmetry, presumably via loop 5 of the D protein [7, 8]. Thus, mutations were designed

to block a subset of these interactions. Small amount of 18S particles are observed in

some experiments when cells expressing the mutant D protein were infected with the

øX174 nullD mutant. However, the production of 18S was not consistent. These data

suggest two possibilities: 1) the external scaffolding protein may easily dissociate from
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18S particle leaving only 12S* particles, as is the case with the assembled procapsid, 2)

the mutations in the two residues of D proteins are not enough to fully inhibit interactions

across the twofold axis of symmetry. In fact, several protein D mutant clones that carry

mutations in these two residues were constructed. These mutant proteins did not inhibit

wild-type growth, and one of them complemented a øX174 nullD mutant, albeit poorly.

In vitro assembly experiments suggest that the 12S* particle is a physiologically

active intermediate. The existence of the internal scaffolding and DNA pilot proteins in

the 12S* particle suggests that it most likely represents the true assembly intermediate.

In order to demonstrate that the 12S* particle is a biologically active intermediate, in

vitro assembly experiments were performed, using semi-purified 12S* particles and

exogenous D protein provided from a lysate. After incubating the mixture for 30 min,

capsid-like structures were formed although the capsid-like structures lack the external

scaffolding protein in spite of the existence of D protein in the reaction mixture.

Although the results of the experiment represent the first time, in which an early

intermediate has associated into a capsid-like structure in vitro, the system must be

optimized. First, purified D protein must be used to rule out the participation of any host

cell proteins. Buffer conditions and protein concentration, especially the ratio of 12S*: D

protein, must be optimized. The establishment of øX174 in vitro assembly system will be

a unique in vitro assembly system. Unlike existing in vitro systems, it will employ two

scaffolding proteins. The assembly pathway involves the addition of pentameric
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intermediates and thus results could be applied to other viruses, such as poliovirus, that

assemble via pentamers.

The present model of external scaffolding protein mediated-assembly. The assembly

pathway of øX174 became clearer due to the research conducted for this dissertation. The

roles and functions of external scaffolding protein have been better elucidated. The

working model of roles of the external scaffolding protein during øX174 assembly is

described below.

During assembly, D protein monomers form a dimer (DADB), which induces a

conformational switch allowing the association with another dimer. After tetramer

formation (DADB:DADB), the addition of another dimer is inhibited [12]. This tetramer

binds to the top of the 12S* pentamer, most likely nucleated by an interaction between α-

helix 1 of the D4 subunit and α-helix 4 of the coat protein [12, 15, 101]. After nucleation,

the rest of the D subunit latches onto coat protein surface, mainly via α-helix 7 of the D4

subunit [52]. This most likely facilitates the binding of the four other tetramers yielding

the 18S particle. The 18S particles then associate with each other across the twofold axes

of symmetry [8]. The exact mechanism to form procapsid needs more investigations.

The α-helix 1 of the D4 subunit maintains a pore at the threefold axis of symmetry by

restraining α-helix 4 of the coat protein [15]. DNA packaging machinery attaches to the

twofold axis of symmetry [104]. Then newly formed viral ssDNA enters procapsid via
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the pore at the threefold axis of symmetry along with J protein [15]. As DNA packaging

continues, the internal scaffolding protein leaves the procapsid through the same pore at

the threefold axis of symmetry. The removal of the external scaffolding protein and the

radial collapse of procapsid happen simultaneously, closing the pores and producing the

mature virion.
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FIGURE LEGENDS

Figure 4.1 “Traditional” øX174 assembly pathway.

Figure 4.2 Revised øX174 assembly pathway.

Figure 4.3 SDS-PAGE of novel assembly intermediates. (A) 9S* particle. (B) 12S*

particle. (C) 18S* particle.

Figure 4.4 SDS-PAGE of sucrose gradient fractions from a crude in vitro assembly

reaction. (A) Large particles, fast sedimenting fractions. (B) Unassembled 12S* particles,

slow sedimenting particles. Numbers on top of the gel indicate the fraction number.

Figure 4.5 EM negative stain of sucrose gradient fraction 16 of in vitro assembly

products.
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