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ABSTRACT 

Scaffolding proteins are transiently associated with morphogenetic intermediates 

but are not found in the mature viral particle. These proteins promote the efficiency and 

fidelity of particle formation by ensuring proper interactions between viral proteins, 

promoting the nucleation of assembly, and aiding in determining appropriate capsid size. 

The goal of the proposed research is to understand how scaffolding proteins recognize 

and interact with viral precursors thus enabling them to obtain an assembly active form 

and defining the requirements for, and constrains on, these interactions. 

Microviridae morphogenesis is dependent upon two scaffolding proteins, an 

internal and external species. The genes encoding three Microviridae (eX174, G4 and 

a3) internal scaffolding proteins (B proteins) have been cloned, expressed in vivo and 

assayed for the ability to complement null mutations of different Microviridae species. 

Despite divergence as great as 70% in amino acid sequence over the aligned length, 

cross-complementation was observed, indicating that these proteins are capable of 

directing the assembly of foreign structural proteins into infectious particles. These 

results suggest that the Microviridae internal scaffolding proteins may be inherently 

flexible. There was one condition in which a B protein could not cross-function. 

Substitutions conferring utilization map to the viral coat. The more efficient substitution 

is located in a region where coat-scaffolding interactions have been observed in the 

atomic structure and may emphasize the importance of interactions in this region. This is 

supported by chimeric analyses where efficient complementation was observed only 

9 
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when the viral coat protein and COOH-terminus of internal scaffolding were of the same 

origin. 

Despite 70% homology on the amino acid level. over-expression of a foreign 

Microviridae external scaffolding protein is a potent cross-species inhibitor of 

morphogenesis. To define the requirements fo~ and constraints on scaffolding protein 

interactions. chimeric external scaffolding proteins have been constructed and analyzed 

for effects on in vivo assembly. The results of these experiments suggest that at least two 

cross-species inhibitory domains exist within these proteins. One domain most likely 

blocks procapsid formation and the other domain allows procapsid assembly but blocks 

DNA packaging. These results demonstrate how closely-related proteins could be 

developed into antiviral agents that specifically target virion morphogenesis. 
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CHAPTER I 

INTRODUCTION 

1.1 PROBLEM DEFINITION 

Fleeting interactions between proteins during biological processes are ubiquitous. 

Transient recognition and interplay between a protein and its target is the molecular basis 

of gene regulatio~ enzyme catalysis, muscle contraction, and viral morphogenesis 

(Creighton and Yanofsky, 1966; Milligan, 1996, Tonegawa and Hayashi, 1970). Viral 

morphogenesis is an ideal system in which to investigate the mechanics of transient 

protein interactions. The proper assembly of viral proteins and nucleic acids into a 

biologically-active virion involves numerous and diverse interactions. The convergence 

of these molecules into a macromolecular complex is not a spontaneous event, but a 

highly regulated and discrete pathway (Tonegawa and Hayashi, 1970; Newcomb eta/., 

1996). These pathways are mediated by the use of many accessory proteins that serve to 

prevent premature or improper interactions between molecules. These include 

chaperones and scaffolding proteins, or domains within proteins, which perform these 

functions. For example, scaffolding proteins are known to transiently interact with 

assembly intermediates stimulating a conformational change and preventing non

productive off-pathway aggregation (Casjens and King, 1974; Siden and Hayashi 1974; 

King eta/., 1980; Dokland, 1999). 



Scaffolding proteins have been documented and characterized in bacteriophage 

systems such as eX174 (Hayashi eta/., 1988), P2/P4, (Shore eta/., 1978) and the 

Salmonella typhiurum phage P22 (King and Casjens, 1974). However, the use of 

scaffolds is not limited to viruses of bacteria. For example, mammalian viral families 

such as Herpesviridae (O'Callaghan eta/., 1977) and Adenoviridae (Morin and 

Boulanger, 1978) also utilize these accessory proteins to mediate morphogenesis. 

Similarly, the p12 Gag region ofMason-Pfizer Monkey Virus (M-PMV), a complex 

retrovirus, has been shown to have a function analogous to that of an internal scaffold 

during intracytoplasmic assembly (Sakalian and Hunter, 1999). Considering that 

morphogenesis of many diverse systems is dependent upon scaffolds, these proteins 

represent an ideal target for drugs that would abrogate viral assembly. 

12 

When developing an anti-viral therapeutic agent one of the most stringent criteria 

is specificity. The ideal therapeutic would allow a high level dosage with few side 

effects. Zidovudine (AZT), a nucleic acid analogue, is commonly prescribed to delay the 

progression of Human Immunodeficiency Virus (fllV) infection. However, the 

inhibitory mechanism of AZT, chain termination, is not specific to a viral process but one 

that is ongoing in many cells. Severe side effects resulting from AZT administration are 

the result of toxicity on uninfected cells and thus affect tolerance levels. Protease 

inhibitors, on the other hand, can be administered without severe side effects because the 

target of this inhibitor is a virally-encoded protein, unlike any found in mammalian cells. 

Although the protease inhibitors are used quite successfully in combined therapies with 

other drugs, reverse transcriptase and host-cell RNA polymerases are extremely error-



prone. The high mutational rate of these complexes often confers resistance to all of 

these therapeutics, sometimes via a single mutation (Volberding, 1999). 
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Scaffolding proteins would make an ideal target for a specific and effective anti

viral analog because these proteins interact with many viral precursors, folded and 

partially folded. Therefore, there are many interactions between scaffolds and various 

substrates that can be targeted. Understanding how these proteins interact is essential if 

antiviral therapies that specifically arrest capsid assembly are to be developed. The 

following studies demonstrate how closely-related proteins, or proteins designed to retain 

the ability to interact with assembly intermediates, can be used as specific and effective 

anti-viral therapies. Additionally, these studies illustrate that the generation of resistant 

phenotypes to a protein-based therapeutic, which are designed to retain the ability to 

oligomerize across species lines, may require several mutations. 

The specific aims of the research included in this dissertation were the following: 

I. To determine protein flexibility and species specificity of the Microviridae 

internal and external scaffolding proteins using cross-species 

complementation and inhibition analyses. 

2. To establish functional domains within both scaffolds by using chimeric 

proteins. 

3. To define inter- and intra-protein interactions between the scaffolds and 

their substrate using second-site reversion analyses. 
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1.2 LITERATURE REviEW 

1.2.1 The Mlcroviridae 

The Microviridae consists of small T= 1 icosahedral virions with single-stranded 

circular ( +) DNA genomes. The host range of this family is quite broa<L ranging from 

Enterobacteria to Ch/aymdia, however; host range is very narrow for individual 

members. For example, the host range of eX174, a member of the Microvirus subfamily, 

is limited primarily to Escherichia coli C. Attachment of the virus to permissive hosts 

occurs through the LPS, specifically, the core polysaccharide of the outer membrane 

(Feige and Stinn, 1976). Atomic data suggest that a glucose moiety is required for host

cell attachment (McKenna eta/., 1992; 1994). However, genome ejection requires 

another host-cell molecule that is responsible for the limited extracellular tropism (Feige 

and Stirm, 1976). Intracellular tropism appears to be a reflection of specific interactions 

between viral proteins and the host-cell rep helicase (Tessman and Peterson, 1976; 

Ekechukwu eta/., 1995). 

The Microvirus subfamily, whose canonical members are eX174, alpha3, and G4, 

has been extensively characterized and their genomes have all been sequenced (Sanger et 

a/., 1978; Godson eta/., 1978; Kodaira eta/., 1992). Mature particles are very small 

(280A in diameter). have buoyant densities of 1.4 glcm3
, and S values of approximately 

115S. The coding capacity ofthese viruses has been maximized by the presence of 



overlapping reading frames, evolving into a small genome capable of being packaged 

into the limited volume of a T== I particle. 

IS 

The protenacious shell of the virus is comprised of 60 copies of the major coat (or 

F) protein. Each of the twelve five-fold vertices is studded by a pentamer of the major 

spike (or G) protein. Mature particles also contain 60 copies of the DNA binding (or J) 

protein and twelve copies of the DNA pilot protein, protein H. Assembly of these 

molecules into a biologically active virion is coordinated by two scaffolding proteins, an 

internal protein, protein 8, and an external protein, protein D. The assembly pathway has 

been extensively characterized and many of the intermediates can be isolated for 

structural and biophysical characterization. 

The atomic structures ofthe eX174 mature particle as well as a procapsid 

intermediate containing a full complement of scaffolding proteins have been determined 

(McKenna eta/., 1992; 1994; Dokland eta/., 1997; 1999). Structural data is also 

available for the G4 degraded procapsid intermediate (llag et a/., 1995) as well as the 

alpha3 virion and procapsid structures (Bernal, Burch, Hafenstein, Fane, and Rossmann, 

unpublished results). Therefore, the results of genetic and biochemical analyses can be 

interpreted within a structural context. The amount of genetic, biochemical, and 

structural information about these viruses is quite unique and combined with tractable 

laboratory manipulation make the Microviridae an ideal system in which to conduct 

structure-function analyses. 
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1.2.2 Microvirldlu Morphogenesis 

The Microviridae morphogenetic pathway has been extensively characterized 

(reviewed in Hayashi eta/., 1988) and is depicted in Figure l.l. The first detectable 

morphogenetic intermediates are the 98 and 68 particles, respective pentamers of the 

viral coat and spike proteins. Although these particles are seen transiently in wild-type 

infected cells, they will accumulate in cells infected at non-permissive conditions, with 

temperature-sensitive, cold-sensitive, or amber mutants of the internal scaffolding protein 

(Siden and Hayashi, 1974; Ekechukwu eta/., 1995). The formation of the 128 

intermediate from these two precursors is dependent upon the presence of the internal 

scaffolding protein. Interactions between the this molecule and overlying coat protein 

most likely trigger a conformational change in the pentameric intermediate allowing its 

interaction with the spike protein pentamer. The function of the internal scaffolding 

protein is described in detail in Section 2. 1. In the absence of D proteins, at least three 

structurally distinct 12S particles have been isolated (Tonegawa and Hayashi, 1970; 

Hayashi eta!., 1988; Fane and Hayashi, 1991; Ekechukwu and Fane, 1995). All three 

species contain the F and G proteins, but differ in the incorporation of the Hand B 

proteins. Some of these 128 particles exhibit the biochemical properties traditionally 

associated with morphogenetic intermediates: the ability to be chased into larger 

particles. However, it is not clear whether these particles represent a true intermediate or 

the product of an off-pathway reaction. With the available structural, genetic and 

biochemical data, it is difficult to visualize how the 128 particle could be either the true 
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intermediate or the only intermediate in the assembly of the open procapsid (Dokland et 

a/., 1999). Perhaps there is an intermediate similar to the 12S particle, but also 

containing 20 D proteins. This particle has been observed. It contains all of the above 

mentioned proteins and sediments at 18S, however; this complex readily loses the D 

protein degrading into a 12S-like particle (B. Fane, unpublished results). Although the 

ISS particle most likely represents the true precursor to the procapsid intermediate, its 

exact placement in the morphogenetic pathway remains unclear. 

The formation of the procapsid is dependent upon 240 copies of the external 

scaffolding protein, or D protein. The structure and function of the external scaffolding 

protein is detailed in section 2.2. Once the procapsid intermediate is formed, the next 

step in maturation is DNA packaging. The pre-initiation complex, consisting of viral 

proteins A and C, replicative form DNA, and the host-cell rep protein, associates with the 

procapsid, forming the 50S complex. Second-site genetic analysis suggests that this 

interaction occurs at the two-fold axis of symmetry. Host-cell rep proteins, which are 

unable to participate in the formation of 50S complex, can be suppressed by mutations 

along the two-fold axis of symmetry in the viral coat protein (Ekechukwu eta/., 1995). 

These suppressor mutations are in a depression within the coat protein which borders this 

axis (McKenna et a/., 1992; 1994 ). Although most of this region of the coat protein is 

covered by the external scaffolding protein, part of this depression is exposed in the 

current procapsid structure (Dokland eta/., 1999). This may delineate the binding site of 

the pre-initiation complex. Likewise, blocks in DNA packaging, resulting from the 



presence of chimeric external scaffolding proteins can be suppressed by mutations in 

gene product A, a component of the pre·initiation complex (Burch and Fane. in press). 
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Once procapsid recognition has occurred, single-stranded genomic DNA is then 

concurrently synthesized and packaged. Packaging is accompanied by the gain of the 

DNA-binding protein J (Aoyama et al .• 1981) and the loss of the B scaffolding protein 

(Fuj isawa and Hayashi. 1977). Extrusion of the internal scaffolding is most likely 

mediated by the incoming DNA binding protein which associates with the same binding 

cleft formed by the coat protein (McKenna et a/.. 1992; Dokland et al .• 1997; 1999). 

Once packaging occurs. the infectious provirion. which may represent the end of the 

intracellular assembly pathway, accumulates in the cytoplasm awaiting E protein

mediated lysis. The external scaffolding protein most likely dissociates upon cell lysis. 
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1.3 DISSERTATION FORMAT 

The papers appended to this dissertation are the result of genetic, biochemical, 

and structural analyses of the Microviridae scaffolding proteins. The construction of 

viral and host-cell mutants as well as experimentation, interpretation, and composition 

resulting in all publications, excluding Dokland eta/., 1999, was performed by myself 

and Dr. Bentley A. Fane. All of the genetic and biochemical analyses for both 

scaffolding protein projects were conducted in the laboratory of Dr. Bentley A. Fane at 

the University of Arkansas (1995-1998) and at the University of Arizona (1998-2000). I 

was assisted by Josephine Ta, an undergraduate student, with DNA sequencing during 

1996 at the University of Arkansas. 

The crystallographic data presented in this dissertation and appended papers are 

the result of a longtime collaboration between Dr. Bentley A. Fane and Dr. Michael G. 

Rossmann at Purdue University. As part of my project, the viral mutants and particles 

used for crystallographic studies were generated by myself in the laboratory of Dr. 

Bentley A. Fane. In addition to my role in producing the particles used in Dokland eta/. 

( 1997; 1999 }, composition of the manuscript was shared between the authors. 

Specifically, I was invited to compose the .. "X174 Assembly Pathway" section of 

Dokland et a/., ( 1997). 
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CBAPTERll 

PRESENT STUDY 

2.1 Role of the Internal Scaffolding Protein 

The formation of early assembly intermediates is dependent upon and coordinated 

by the internal scaffolding, or B, protein. Much like a molecular chaperone operating at 

the quaternary level, the internal scaffolding protein acts to prevent the aggregation of 

capsid protein pentamers. For example, in the absence ofB protein, spherical aggregates 

of the coat protein sedimenting at 55-60S are observed, suggesting that these proteins 

have a biophysical tendency to non-productively associate and the internal scaffold 

suppresses this propensity (Hayashi et a/., 1978; 1988). Chaperones, functioning at the 

secondary and tertiary level, are known to interact with a variety of unfolded chains 

preventing unproductive folding and premature interactions of partially folded peptide 

chains. The ability of chaperones, like GroEL, to interact with various proteins is 

accomplished via non-specific interactions through flexible domains (Ellis and van der 

Vies, 1991; Horwich, 1995; Hartl and Martin, 1995). Perhaps flexibility is another 

parallel between chaperones and scaffolds. 

Considering the dynamics of viral assembly, some inherent flexibility within 

scaffolding proteins is probably required. Internal scaffolding proteins must first assume 

a structure that directs the assembly of pentameric intermediates into a rigid capsid. 
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Afterwards, these proteins must assume an alternate structure, one that allows for 

extrusion from an internal location. Structural data also suggest that the internal 

scaffolding protein is flexible. The atomic structure of the procapsid intermediate has 

been refined to 3.5A (Doldand eta/., 1999) and provides a higher resolution image of 

coat and inner scaffold interactions (Figure 2.1 ). While portions of the protein are readily 

distinguished within the crystal structure, much of the density is unordered, suggesting 

that interactions with the overlying coat protein can be both variable and flexible. 

Specifically, density could only be ascribed to approximately one half of the internal 

scaffolding protein, the COOH-tenninus. This highly aromatic terminus fits into a cleft 

formed between a-helix #2 and the 6-barrel of the coat protein (McKenna eta/., 1996; 

Dokland et a/. 1997). In addition to the ordered COOH-terminal half of the protein, the 

first ten residues of the internal scaffold are also ordered, bridging the two-fold axis of 

symmetry. This suggests that the central region of the protein is flexible, sitting in a 

different conformation in each asymmetric unit. 

Structural data are consistent with results from Burch et a/. ( 1999) which indicate 

that the Microviridae internal scaffolding proteins are inherently flexible, for example, in 

most cases capable of cross-complementation despite vast differences in amino acid 

sequence. There was one instance in which a foreign coat protein (G4 F) could not be 

recognized by an internal scaffolding protein (0X B). Mutations suppressing this defect 

map to the viral coat protein, specifically altering residues that comprise a cleft into 

which the COOH-terminus of the internal scaffolding protein is positioned. Taken 

together, this suggests that the interaction with the coat may be more complex than 
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simple non-specific chaperone-like contacts and that the COOH terminus may serve as a 

substrate specificity domai~ attuned to recognize a specific viral coat protein. A similar 

phenomenon has also been documented with the internal scaffolding proteins of various 

Herpesviruses as well as bacteriophage P22 (Haanes eta/., 1995; Preston eta/., 1997; 

Parker et a/., 1998; Tuma et a/., 1998). 

These results support a model in which the COOH-terminus of the internal 

scaffolding protein is responsible for coat protein recognition. This hypothesis was 

directly addressed with the use of chimeric scaffolding proteins (Burch and Fane, 2000). 

All of the chimeric proteins were functional in complementation assays. However, 

efficient complementation was only observed when the viral coat protein and COOH

terminus of internal scaffolding were of the same origin. 

Similar results have been obtained in studies with other systems that utilize 

scaffolding proteins. For example, the scaffolding proteins of related Herpesviruses, 

VSZ and HSV-1, can cross-complement forming procapsid-like structures in vitro. 

However, increased amounts of these structures are observed if the COOH-termini of 

these proteins are interchanged to match the species (or origin) of the coat protein 

(Preston et a/., 1997). Hong et al. (1996) characterized a small COOH-terminal motif in 

the HSV -1 and CMV scaffolding proteins which govern both capsid protein interactions 

and specificity. Additionally, despite only sharing 31% homology on the amino acid 

level, the BHV scaffolding homologue was capable of assembling HSV capsids in vitro 

(Haanes eta/., 1995). Studies with fragments of the P22 scaffolding protein demonstrate 

that the COOH-terminal half of the protein is both necessary and sufficient for 
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icosahedral particle formation (Parker et a/., 1998; Tuma et a/., 1998). Although 

suggestive, in vitro studies like these do not determine if these proteins are functional in 

vivo. For example, the exit of the scaffold and incorporation of minor proteins have not 

been assessed in these systems. 

Higher resolution data of the procapsid intermediate reveal that the vast majority 

of pentamer-pentamer interactions are mediated by scaffolding proteins across the two 

and three-fold axes of symmetry (Doldand et al., 1999). This is also seen in the lOA 

cryo-EM image reconstruction of the alpha3 procapsid intermediate. It appears that each 

12S particle is encircled by a sizeable (15-20A) moat (Bernal, Burch, Hafenstein, Fane, 

and Rossmann, unpublished results). The only density spanning this region is being 

attributed to that of the scaffolding proteins. 

In the current "X 174 procapsid structure, the NH2-terminus of the internal 

scaffold is mostly unordered. The only region in the amino-terminus to which density 

could be ascribed consists of the first ten amino acids. This region of the protein appears 

to make scaffolding-scaffolding contacts across the two-fold axes of symmetry, bridging 

the aforementioned gap. To determine if these two-fold scaffold self-associations were 

required NH2-terminal deletion mutants were constructed and assayed for 

complementation in vivo (Burch and Fane, 2000). Proteins lacking the first ten amino 

acids efficiently complements "X174 am(B) mutants at temperatures above 24°C. These 

results suggest that internal scaffolding protein self-associations across the two-fold axes 

of symmetry are only required at lower temperatures, perhaps supplementing pentamer 

contacts between D proteins. The atomic structure of the procapsid intermediate suggests 
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that two acidic residues, residing in loopS within the D protein, may mediate these two

fold interactions (Doldand et a/., I 999). Mutants with cold-sensitive missense 

substitutions at these sites (EI02 and Ell2) in the D protein have been isolated (Fane, 

unpublished results). Taken together, this implies that the first 9 amino acids of the 

internal scaffolding protein (protein B) may only be required at lower temperatures where 

external scaffolding protein contacts may be weakened. 

Previous genetic data suggest that the internal scaffolding protein is also 

responsible for stimulating a conformational switch necessary for interaction with the 

spike protein. At low temperature, cs(B) proteins result in the accumulation of coat and 

spike protein pentamers. This phenotype was observed here and in all past analyses 

conducted with ts(B), cs(B) and am(B) alleles (Tonegawa and Hayashi, 1970; Siden and 

Hayashi, 1974, Ekechukwu and Fane, 1995). Extragenic suppressors of these mutants 

were isolated and mapped to the surface of the viral coat protein (Fane and Hayashi, 

1991; McKenna eta/., 1992). Unlike the B-utilizer mutations described previously, the 

second-site suppressors in the viral coat protein of cs(B) alleles are not in regions which 

could directly contact the B protein but in five different upper surface locations. These 

observations, taken together, suggest that the B proteins associate with the underside of 

coat protein pentamers (9S particle). This interaction then mediates conformational 

changes that allow the upper surface of the 9S particle to interact with spike and external 

scaffolding proteins. 

Collectively, information gathered from this and many other systems which 

utilize internal scaffolding proteins suggest its overall purpose is to 1) prevent precursor 



aggregation 2) stimulate conformational changes in early intermediates and 3) stabilize 

the procapsid intermediate. In general, the COOH-terminal domain of these proteins is 

responsible for coat protein recognition and specificity. The NHz-terminal region of 

these proteins, specifically for the Microvirus subfamily, serves to bridge the two-fold 

axis of symmetry stabilizing pentameric interactions at lower temperatures. 
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2.2 The Extemal Scaffolding Proteia 

2.2.1 Significance of the External Scaffold 

Procapsid formation is completely dependent upon external scaffolding, or D 

protein, interactions. Structural data suggest that this protein coordinates the two- and 

three-fold axes of symmetry of the coat protein shell, and positions the G protein 

pentamers atop the capsid (Dokland eta/., 1997; 1999). In essence, the procapsid 

consists of 240 D subunits, four per coat protein, forming a cage around twelve 

pentameric F-B-G particles. In the eX174 procapsid structure, the coat proteins make 

few F-F two- or three-fold related interactions, instead; these contacts, which would 

stabilize this particle, are made by the two scaffolding proteins. 

At each two-fold axis of symmetry, the external scaffolding protein bridges the 

gap between adjacent two-fold related coat proteins, this area, will become the docking 

site for the genome packaging machinery. This observation is supported by genetic 

studies. As mentioned before, mutant host-cell rep proteins are unable to participate in 

50S complex formation, resulting in procapsid accumulation and a block at stage m 

DNA synthesis (Ekechukwu et a/., 1995). This phenotype can be suppressed by 

numerous viral coat mutations, all of which reside along the two-fold axis of symmetry 

(Ekechukwu et a/., 1995). In a separate study, procapsids formed from the presence of 

wild-type and chimeric D proteins (see below), fail to recognize the genome packaging 
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machinery. This defect is suppressed by a missense substitution in the A protein (Burch 

and Fane. in press). Although the site of packaging remains unknown, studies such as 

these confirm that the two-fold axis of symmetry is the docking site ofthe genome 

packaging machinery. 

The structural interpretation of three-fold interactions between D and F has been 

complicated due to inconsistencies between the procapsid atomic model and the cryo-EM 

image reconstruction. In the atomic model of the oX174 procapsid (3.SA}, the three-fold 

axis of symmetry has matured into a closed (Figure 2.2A) position (Doldand eta/., 1997; 

1999). This is inconsistent with cryo-EM image reconstructions in which the three-fold 

axis of symmetry is in an open (Figure 2.2B) configuration (flag et a/., 1995). Instances 

such as these are a reminder that structural information represents a useful, but static, 

image of an intermediate and is not indicative of the fluidity of biological reactions. 

Moreover, the crystal structure of a viral intermediate is a reflection of the conformation 

in which crystal formation was most favorable. and may not be indicative of the exact 

conformation during morphogenesis. 

Genetic evidence suggest additional interaction between the D protein and the 

underlying coat protein, not visualized in the atomic structure. First, cold-sensitive 

missense mutations (Q12W and Q22Y) in a-helix #1 of the D protein confer a "fragile 

procapsid" phenotype. Upon DNA packaging these particles rupture yielding dead-end 

12S-like subunits, indicating a weakened D-F interaction. The fragile phenotype can be 

suppressed by amino acid substitutions in a-helix #4 of the viral coat protein, which is a 

three-fold related structure (Fane eta/., 1993; Ekechukwu and Fane, 1995). Suppressors 
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of csD alleles map within the viral coat protein, specifically to this region (McKenna et 

a/., 1992). These mutations could indicate the contact point critical for F-D interaction. 

Perhaps more likely, these suppressors are strengthening existing or creating new 

interactions at the three-fold vertex, compensating for defective scaffolding function. 

The importance of the external scaffolding gene is also exemplified by its 

rigorous conservation and placement within the genome. The Microviridae D proteins 

are almost 70% conserved on the amino acid level. Residues 27-128, comprising a

helices #2 through #6, exhibit 96% conservation among the Microviruses. This region 

forms a structurally conserved core where Ca atoms for any pair ofD subunits in the 

eX174 procapsid structure are almost superimposable (Dokland eta/., 1997; 1999). The 

lysis (or E) gene resides completely within the open reading frame of gene D. Although 

quite diverged within the Microviridae, there are distinct domains within theE protein 

critical for function. These regions overlap with highly conserved ones of the D gene 

(Schuller eta/., 1985; Witte eta/., 1997). Moreover, glycine 61 of the D protein. which 

is thought to be critical in dimer formation, overlaps with the start codon of the E protein 

(see below). Missense mutations at this residue have been isolated and confer dominant 

lethal phenotypes. Placement of glycine 61 within the start codon of E is an elegant and 

effective means of assuring its retention. All of the aforementioned examples of 

functional and structural conservation reflect the importance of this protein during 

assembly. A combined genetic, biochemical, and structural approach has been employed 

to facilitate a better understanding of how scaffolding proteins regulate assembly by 
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stimulating or coordinating protein association. The objective was to determine domains 

within the protein responsible for target recognition and interaction specificity. 

2.2.2 External Scaffolding Protein Directed Assembly 

2.2.2.1 Naive Dimer Formation 

Within the atomic structure of the procapsid, each coat protein is interacting with four 

D proteins (Dl-04) which are not related by classical quasi-equivalence (Figure 2.3A). These 

subunits can be grouped into similar, but not identical asymmetric dimers (D1D2 and D3 

04 ). As depicted in Figure 2.3, panels B and C, comparison between the monomers reveals 

that the D 1 and D3 subunits possess structural similarity. The D protein has a predominantly 

a.-helical fold, containing seven major helical stretches (helices a1~7) interspersed by short 

loop regions (loops 1-6). The structural individuality of each subunit is noteworthy; for 

example, loop 5 in the D1 and 03 subunits forms a small helix, which is absent in D2 and D4 

where it forms an antiparallel rJ-strand (Dokland et a/., 1997; 1999). As mentioned 

previously, divergent residues, comprising a-helix #1 and the loop 6/a.-helix #7 region, flank 

the structurally and evolutionary conserved core of the protein constituted by residues 28-127 

(Figure 2.4 ). 

Prior to any interaction with nascent viral intermediates, the external scaffolding 

protein must self-associate, most likely forming the naive dimer (OODO). Using structural 
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information about the asymmetric dimers from the procapsid intermediate, speculations can 

be made as to what regions of the D protein govern self-association and recognition of other 

substrates. When over-expressed in vivo and in non-permissive viral infections, the isolated 

D protein is observed to be a tetramer (or octamer) with closed-point group symmetry (Figure 

2.3D). These particles are chased into larger intermediates in pulse-chase experiments, 

however, whether this particle represents an active artifact of the purification process, an 

intermediate, or a storage state, remains unclear (Burch, Fane, McKenna, unpublished 

results). Arguments supporting naive dimer formation are based upon structural as well as 

genetic data. The existence of nearly identical dimers (0102 and 0304) in two completely 

different environments implies that the dimer may be the assembly active form. It seems 

counterintuitive that the two structurally unique asymmetric dimers would form without the 

influence of other viral proteins. The atomic structure of the procapsid suggests that 

variability at glycine 61 in a-helix #3 may mediate an important conformational switch. In 

one monomer of each dimeric subassembly, there is a 30° bend at glycine 61, perhaps 

dictating dimer formation as opposed to larger structures. Structural data suggest that the 

tum at glycine 61 may switch the second monomer into a conformation needed to prevent 

further monomer addition. Without this flexibility, D proteins might assemble into a helical 

bundle. Mutants with missense substitutions at this site are extremely sick and, unlike amber 

mutants, are poorly rescued by over-expression of the wild-type D protein, indicating a 

dominant phenotype (Table 2.1 ). As implied by burst experiments, the glycine 61 

substitutions are subtle, affecting function father than folding. This suggests that the mutant 

D proteins retain enough function to interact with other proteins, perhaps forming larger 



structures. Examination of the structures formed by these proteins is an obvious future 

project. 

l.l.l.ll8S Particle Formation 

31 

The formation of the 50S complex is comparable to a convergence of pathways in 

which two intermediates, procapsid and pre-initiation complex, unite. Perhaps the timing 

of these events is elegantly coordinated by a nucleation-like reaction, as with P22 

morphogenesis. In this system, five coat proteins coalesce with two or three scaffolding 

molecules forming a nucleation complex. To this complex, monomers of coat and 

scaffold are added to the edges of the growing shell (Prevelige eta/., 1993). For the 

Microviridae, this reaction may involve accumulation of l2S intermediates until 

sufficient concentrations ofD protein are reached to allow procapsid formation. If so, the 

rate-limiting step of this reaction would be ISS formation, in which the l2S particle is 

recognized by the naive dimer. 

Two models could be used to imagine the next events. Perhaps two ISS particles 

interact stimulating rapid addition of additional ISS particles. This is unlikely because 

this particle is very difficult to isolate and readily loses the D proteins degrading into a 

I2S-like particle (Fane, unpublished results). These features are characteristic of a viral 

intermediate which is designed to be short-lived and unstable. Considering the fragility 

of this particle, a more attractive model would be one in which an ISS subunit is formed 



(slow) followed by addition of 12S particles and dimers ofD (fast). In essence. this 

model is analogous to P22 maturation except the rapidly added subunits (F-8-G and D) 

are in the form of pentamers and dimers, respectively, rather than monomers. 
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Regardless of which model is correct, the first step in ISS formation is naive 

dimer recognition of the 12S particle. It follows that there would be discreet regions ofD 

that would recognize the coat or spike component of the 12S particle as well as residues 

responsible for D-D interaction. Within the ISS particle. the external scaffolding protein 

stabilizes the spike protein atop the viral coat protein as well as interacts with the three

fold axis of symmetry. perhaps in preparation for DNA packaging. The spike protein is 

supported atop the coat protein by a single D subunit. A total of thirteen hydrophobic 

contacts are made between loop 5/a-helix #6 region ofDl and the spike protein. The 

residues forming this contact area of the D protein is conserved among the Microviridae, 

as are the target residues in G. 

The vast majority of contacts within and between dimers are hydrophobic and 

mediated by the middle region of the protein, the residues comprising the conserved core 

(Dokland et al .• 1999). However. in the DID2 dimer. additional intra-dimer interactions 

are made by the highly divergent a-helix #I. The idea that this region corresponds to a 

species specificity helix has been directly addressed using chimeric D proteins in which 

this domain has been interchanged with that of a closely related virus. Characterization 

of the chimeric D genes included examination of null D complementation and wild-type 

inhibition. Complementation of a null mutant requires a fully functional protein that is 

able to productively participate in assembly. substituting for the defective protein. 
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Inhibition analyses indicate whether a partially functional, but folded, protein can retain 

the ability to interact with wild-type viral proteins, albeit non-productively. 

The chimeric protein 0XIaJ contains a-helix #1 from 0X174; the remaining part 

of the protein is derived from a3. An opposite chimera (a3/0X) that contains a-helix #I 

from alpha3 and the remaining part ofthe protein being derived from 0X174 has also 

been constructed Neither chimeric gene could complement a nui/D mutant and 

inhibition of wild-type was observed. Expression of the chimeric protein possessing the 

eX174 a-helix #1 severely inhibits eX174 morphogenesis even under low induction 

conditions and weakly inhibits a3 morphogenesis. Likewise, expression of the construct 

with a-helix # 1 from a3 ( a3/0X) strongly inhibits a3 morphogenesis but weakly inhibits 

eX174 morphogenesis. Inhibition of wild-type 0X174 with failure to complement null D 

mutants suggests that the chimeric ( a3/0X) protein is able to interact with wild-type 

proteins but lacks additional requirements needed for morphogenesis. 

Three models, which may not be mutually exclusive, could explain these results. 

In the first model, the foreign a-helix # 1 acts as an inter-dimer specificity domain 

preventing the formation of a particular dimer. In the second model, the foreign first a

helix is incapable of acting as the viral coat or spike specificity region. Third, defects in 

loop 6 conformation could improperly position a-helix #7 or fail to properly associate 

with genome biosynthetic/packaging machinery. 

Perhaps interaction with the 128 particle stimulates a conformational switch 

within the naive dimer, resulting in additional contacts made between the D 1 and 02 

subunits. Further recognition of and interaction with other viral substrates may 
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necessitate the presence of the 0102 dimer configuration. This model explains why 

over-expression of the closely related wild-type alpha3 D protein is extremely poisonous 

to wild-type eX174 morphogenesis. In cells expressing the foreign external scaffolding 

protein, only small levels of procapsids and/or degraded procapsids were detected, 

suggesting that morphogenesis is inhibited before procapsid formation, early in assembly. 

Perhaps the D proteins interac~ through the above mentioned conserved regions, only to 

form what would be the 0304 dimer which would never be able to proceed through 

assembly, resulting in an early block in morphogenesis. 

Interactions between D and F at what will be the three-fold axis of symmetry are 

more complex. Although this interaction is not observed in the current structure, genetic 

analyses suggest that there are contacts between the D protein and a-helix #4 of the viral 

coat protein. As mentioned above, cold-sensitive missense mutations (Q22Y and Q12W) 

in a-helix # 1 of the D protein confer a "fragile procapsid" phenotype, in which these 

particles rupture upon DNA packaging. This phenotype can be suppressed by amino acid 

substitutions in the viral coat, some of which are near the two- and three-fold axes of 

symmetry (Fane eta/., 1993; Ekechukwu and Fane, 1995). Additionally, unlike the other 

subunits, a-helix # 1 of the D4 subunit points towards the coat protein. In this subunit, 

this helix is bent at Q22 by 100° relative to its position in the other subunits (Dokland et 

a/., 1991; 1999). Perhaps mutations at this site, like cs(D)Q22Y, affect the orientation of 

this helix and thus the ability to stabilize the three-fold axis. These results clearly 

indicate an interaction between D and Fat the three-fold axis of symmetry, which is not 



observed in the current structure, and are indicative of the power ofbiological assays 

such as these. 

35 

Some coat-scaffolding interactions may not be apparent in the current atomic 

structure due to maturation at the three-fold axes of symmetry, producing a closed 

structure. Lower resolution cryo-EM structures of this intermediate have pores at the 

three-fold axes of symmetry. In the procapsid structure (closed), a-helix #4 from the 

coat protein is at the three-fold axis of symmetry. In an open structure, the coat protein 

helix could be shifted upwards and perhaps contacting the D4 subunit, which is the most 

closely associated with underlying coat protein. This is consistent with the second model 

in which foreign first a-helices are incapable of recognizing or interacting with the viral 

coat protein. 

Additional contacts made in the 18S particle could be regulated by the divergent 

loop6 of the D protein. These residues could perhaps correctly position a.-helix #7, 

conferring an additional species specificity domain. The COOH-tenninal residues of the 

D protein, in three of the four subunits, are exposed to the solvent and are somewhat 

disordered, not making any contacts. However, in the D4 subunit, this region forms a 

long helix which mediates most of the interactions between the external scaffold and 

underlying coat (Doldand eta/., 1997; 1999). Although suggestive, this hypothesis is not 

supported by the studies conducted with chimeric D protein in which the first a.-helix has 

been interchanged. In these constructs, the amino-terminal first helix is of the same 

origin of the viral coat protein. Particles produced from cells over-expressing the 
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chimeric eX/a3 protein reveal procapsids (lOSS) and degraded procapsids (70S), 

suggesting that the chimera (with the foreign loop 6/helix #7) was able to recognize the 

0X174 viral coat protein. The block in maturation in the presence of the chimeric protein 

is consistent with the ability to form the 18S particle, and thus the procapsid, but an 

inability to package this intermediate. The position of a-helix #7 may not be to 

recognize the viral coat protein, but simply a byproduct of a specific conformation of the 

preceding region of the protein. This could explain the inability to package procapsids 

formed in the presence of the chimeric scaffolding protein. The foreign region of the 

protein is in an inappropriate topology to interact with the genome packaging machinery, 

perhaps because of loop6. Thus, domains within the dimers which are responsible for 

substrate specificity remain undefined, and it is entirely possible that these interactions 

are flexible and non-specific like a molecular chaperone. 

2.2.2.3 Procapsid Formation 

Once the 18S particle is formed, procapsid formation is rapid and completely 

dependent upon two-fold related internal and external scaffolding interactions. Two-fold 

interactions occurring between the B proteins are made via the NH2-terminus and have 

already been discussed. The majority of two-fold 0-D interactions occur through the 02 

and 03 subunits. The major role of loop 5 in the 03 and 02 subunits appears to be the 

formation of contacts across the twofold axis (Doldand eta/., 1999). Specifically, polar 
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two-fold interactions between subunits may be mediated by two acidic residues: El02 

and E 112. Preliminary results indicate that missense mutations at these sites are cold

sensitive, indicating a need for these interactions at lower temperature (Burch and Fane, 

unpublished results). Second-site suppressors of these defects will be helpful in further 

understanding the need for and constraints upon two-fold interactions. 

2.2.2.4 50S Complex Formation 

The formation of the 50S complex involves the convergence of the assembly and 

DNA replication pathways. This complex is comprised of the metastable procapsid 

intermediate and the pre-initiation complex, or genome packaging machinery. This 

complex, consisting of viral proteins A and C, replicative form DNA, and the host-cell 

rep protein, associates with the procapsid along a two-fold axis of symmetry. This region 

is almost fully covered in the procapsid structure suggesting that interactions with D are 

unavoidable. Recent genetic data support a direct interaction between the external lattice 

and the packaging machinery. Second-site suppressors of mutants defective in packaging 

when assembled in the presence of the chimeric external scaffolding protein confirm that 

indeed the external scaffolding protein is recognized by the packaging machinery. A 

0Xl74 mutant (chiD R) resistant to the expression of the eX/a3 chimeric D protein was 

isolated. The mutation confers a substitution at amino acid 286 in protein A. Protein A 

is a component of the genome packaging complex. The location of the chid substitution 

suggests that chimeric eX/a3D protein, more specifically foreign loop 6, in the 02 and 
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D3 subunits is positioned in a species-specific topology. which is unrecognizable during 

50S complex formation. 

2.2.3 Foreign D resistance mutants (forJil) 

Although it was not possible to isolate a "X 174 mutant resistant to the expression 

of the a3 external scaffolding protein via one mutational step, a mutant was obtained in a 

multi-step selection. Thefordl phenotype (foreign D resistance) also confers resistance 

to both chimeric scaffolding proteins. Two single base insertions have been found at the 

end of gene C, which is adjacent to gene D. One insertion creates a premature stop codon 

in gene C. three codons upstream from the natural stop codon (Figure 2.5). The natural 

stop codon overlaps with the gene D start codon. The premature stop codon overlaps with 

the RBS of gene D. C protein termination and D protein initiation may now be more 

efficiently coupled than in wild-type. In addition, the insertion may create an RBS that 

can more easily anneal to the 16S rRNA The second insertion is found between the D 

gene RBS and start codon. These considerations suggest that part of the ford phenotype 

may involve increasing wild-typeD protein synthesis, as opposed to a truncated C 

protein. 



2.3 SCAFFOLDS OF OTHER SYSTEMS: COMPARISONS AND CONTRASTS 

Although quite diverse, viruses that utilize internal and external scaffolding 

proteins are accomplishing one goal: formation of a metastable intermediate into which 

the template DNA is packaged. In addition to this collective goal, there are many 

functional commonalties between internal scaffolding proteins from prokaryotic (P22, 

P4, Microviruses) and eukaryotic (Herpesviruses) viruses. 
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Much like a molecular chaperone, internal scaffolding proteins interact with the 

viral coat protein preventing their aggregation and, for the Herpesvirues. scaffolding 

proteins promote capsid translocation from the cytoplasm to the nucleus. Recognition of 

and interaction with the viral coat protein is made through the COOH-terminal amino 

acids, which are generally aromatic in character. These proteins are usually flexible in 

nature being able to exit from the intermediate intact and/or highly tolerant of missense 

substitutions. In most cases, internal scaffolding proteins are extruded from the procapsid 

upon DNA packaging. 

Differences among these proteins include the orientation of the internal 

scaffolding protein within the procapsid and the amount of scaffold incorporated into this 

particle. In the Microviridae, scaffolding interactions are made across the two-fold axis 

of symmetry via the NH2-termini. These interactions are known to stabilize the particle 

at lower temperatures (Burch and Fane, 2000). For P22, and probably Herpesviruses, 

scaffold-scaffold interactions can be made either by the NH2-termini or by centrally 
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located amino acids. These interactions occur in the core of the procapsid intermediate, 

as opposed to bridging an axis, and may not serve the additional role of particle stability 

as with the smaller viruses. 

The Microviridae assemble one scaffolding protein per coat protein into the 

procapsid. This is not true of the larger viruses like P22 and Herpesviruses where the 

number of scaffolding proteins can vary considerably. This stoichiometric discrepancy 

could reflect evolutionary constraints on smaller viruses where one protein must perform 

the function of many or this may emulate differences in conformation of the packaged 

DNA. The P22 and Herpesviruses genome is packaged to head-full capacity and 

condensed into chromosome within the interior of the virus. On the other hand, the 

Microvirus genome is threaded through each asymmetry unit (McKenna eta/., 1992) 

where it contacts each coat protein in a distinct binding cleft, perhaps being baited to this 

locale by the internal scaffolding protein. The acidic residues of the internal scaffolding 

protein may attract the negatively charged J proteins that are bound to the incoming 

DNA. The internal scaffolding protein is then dislodged from the binding cleft, being 

replaced by the J protein. Once packaging has occurred, the genome could interact with 

itself, via long range base pairing, essentially performing a scaffolding-like function 

ensuring appropriate virus morphology (Hafenstein and Fane, unpublished results). 

The external scaffolding proteins, or domains performing analogous functions, in 

other systems such as the coliphage P4 and Herpesvirus are not as well delmed, however; 

some commonalties are already apparent. Like the Microviridae D protein, the P4 

coliphage external scaffolding protein (gpSid) is absent from the mature particle. 
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Similarly, this protein serves to coordinate two- and three-fold interactions in the 

procapsid intermediate. The triplex protein of the Herpesviruses, on the other hand, is 

present in the mature virion where it appears to be connecting coat protein hexamers. 

The interaction between the protein comprising the triplex have been shown to be made 

through the central region of the protein (see below), much like 0X174. At this time, it 

remains unclear which domains are responsible for target specificity or the constraints 

upon this association. 

2.3.1 Specific Functions: Preventing Aggregation 

Many assembly pathways begin with accumulation of assembly naive precursors 

from which larger intermediates are formed (Tonegawa and Hayashi, 1970; Casjens and 

King 1974; Thomsen eta/., 1995). Therefore, proper assembly is dependent upon these 

molecules being brought together via interactions with the nucleic acid or other viral 

proteins in a regulated temporal fashion. However, traditional temporal gene expression 

is not utilized during Microviridae morphogenesis. How is assembly regulated? 

Placement of promoter and termination sites within the genome as well as 

ribosome binding site affinities serve as a rudimentaiy means of gene regulation (Hayashi 

et a/., 1981 ). In addition to having its own promoter (Po), the gene encoding the external 

scaffolding protein is found on every m.RNA transcript, reflecting the importance of its 

abundance. Four times the amount ofD protein, relative to B, is needed prior to the 

formation of a single procapsid. In addition to stimulating structural changes, the internal 
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scaffolding protein most likely prevents aggregation of the coat proteins until enough 

external scaffolding protein is present fof procapsid formation (Siden and Hayshi, 1974 ). 

As mentioned previously, the COOH-terminal region ofB is responsible for coat 

protein recognition. In the procapsid, structural and genetic data suggest that the amino 

terminal region is functioning to bridge the two-fold axes of symmetry most likely 

stabilizing this intermediate. Prior to procapsid formation, the NH2-termini may interact 

with residues of what will be the two-fold axis of symmetry in such a way as to prevent 

premature association with other coat proteins. Like many chaperones, preventing 

premature association is accomplished by preserving an unfolded conformation (Gorovits 

and Horowitz, 1997). When aggregation of coat protein pentamers occurs, it is most 

likely through premature contacts made at the two-fold axes of symmetry. The amino 

terminus of the internal scaffolding protein could prevent these interactions by simple 

steric hindrance or perhaps by altering the local conformation of this site~ making it 

unattractive for binding. 

Preventing aggregation of early viral precursors is a general feature, like 

flexibility, of internal scaffolding proteins. In the Salmonella typhimurium phage P22, 

the internal scaffolding protein is encoded by gene 8. In cells infected with gp8" mutants, 

the capsid protein (gp5) will assemble into a few unclosed shells and proteins aggregates 

called spirals (Earnshaw and King, 1978). In other£. coli bacteriophage, specifically A. 

and T7, internal scaffolding proteins also serve to inhibit aggregation of the capsid 

proteins into oligomers (Ray and Murialdo, 1975; Murialdo and Becker, 1977; and 

Cerritelli and Studier, 1996). This phenomena is not restricted to phage morphogenesis, 
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many animal viruses utilize scaffolding proteins to prevent early aggregation of coat 

proteins. VP22a is the major species found in the procapsid and in its absence, mostly 

irregular structures are formed (Thompson eta/., 1994; Newcomb eta/., 1994). 

Evidently, one of the earliest roles for internal scaffolding proteins, which can also be 

regarded as a favorable consequence of interaction. is association with coat protein 

intermediates to prevent off-pathway aggregation. In the next section, a general synopsis 

of the current genetic and structural data for scaffolding proteins in other systems reveals 

additional similarities between these proteins and those of the Microviridae. 

2.3.1 Salmonella phage Pll 

The morphogenetic pathway of the T=7 Salmonella phage P22 has been 

extensively characterized (reviewed in Prevelige and King. 1993). The mature particle is 

comprised of 420 viral coat proteins (gpS), a dodecameric portal complex (gpl). and 12-

20 copies each of minor pilot proteins: gp7, gpl6, and gp20 (Casjens and King 1973). 

This phage, like many viruses including members ofthe Herpesviridae and 

Adenoviridae, assembles a metastable intermediate termed the procapsid into which the 

genomic DNA is packaged (Casjens and King, 1974 ). The DNA translocation through 

the portal complex is concomitant with loss of the scaffolding proteins, most likely 

through the hexameric channels. This extrusion involves no chemical modification, as 

the entire protein is recycled during subsequent procapsid formation (King and Casjens, 

1974). This observation indicates that the protein is flexible enough to fit through the 20-
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30A hole in the procapsid (Prasad eta/., 1993). Packaging is followed by an expansion 

of the capsid resulting in the mature angular particle to which the tail is attached. 

As determined by kinetic analyses, assembly is thought to proceed via a rate

limited reaction that is dependent upon the formation of a nucleation complex. This 

complex is comprised of five coat proteins and two scaffolding molecules (slow) to 

which monomers of coat and scaffold are added to the edges (fast) ofthe growing shell 

(Prevelige et a/., 1993 ). The assembly of the procapsid intermediate is completely 

dependent upon 200-300 copies of the internal scaffolding protein. gene product 8 

(Casjens and Hendrix, 1988). The scaffolding protein is critical for assembly, as in the 

absence of this protein aberrant (spirals) and incorrectly size (T=4) capsids are formed 

(Earnshaw and King, 1978; Thuman-Commike eta/., 1998) 

The 303 amino acid scaffolding protein is an elongated cigar-shaped protein 

consisting of three a-helical domains, as determined by cryo-EM image reconstruction, 

CD, and Raman spectra (Fuller and King, 1980; Prasad eta/., 1993; Tuma eta/., 1996). 

Lower resolution structural analyses ofP22 procapsids (wild type, mutant, as well as in 

vitro generated particles) have determined that the internal scaffolding protein core is 

disordered, possessing limited and local icosadhedral symmetry. In these 

reconstructions, some scaffolding density, corresponding to the COOH-terminus, is 

observed at 4 of the 6 coat proteins making up the hexamer within the procapsid (Prasad 

eta/., 1993; Thuman-Commike eta/., 1996). This information, as well as the ability to 

exit the intermediate chemically intact through a small pore, suggests flexibility. 
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Genetic and deletion mutant analyses have been used to generate a structure

function map of the P22 internal scaffolding protein, gp8. This protein may have 

domains responsible for coat-scaffold, scaffold-scaffold, and scaffold-portal interactions 

as well as scaffolding protein release from the procapsid (Greene and King. 1996; Parker 

eta/., 1997; 1998). Greene and King (1996) used genetic analyses to demonstrate that in 

addition to triggering its own ejection the scaffolding protein may be required for the 

incorporation of minor proteins into the procapsid intermediate. Like the Microviridae 

internal scaffolding genes. it has proven difficult to isolate missense mutations in gene 8 

that confer a defective phenotype. either these substitutions are tolerated or lethal. The 

authors used a previously defmed method in which pseudorevertants or suppressors of 

existing mutants are screened to find new cs and ts mutants in gene 8 (Jarvik and 

Botstein. 1975). These screens yielded three new substitutions in gp8: Q149W. Ll77I. 

and Y214W. 

Characterization of these suppressors revealed several phenotypes, including 1) 

failure to release the scaffolding protein. 2) formation of imprecisely sized procapsids. 

and 3) inability to incorporate minor proteins such as the pilot protein, gp 16. or both. All 

of the mutant polypeptides were able to incorporate themselves into procapsids, most 

likely due to an intact COOH-tenninus, which is responsible for coat recognition (see 

below). 

Mutations in the central region of the 303 amino acid protein (Q 149W and L 177D 

resulted in the retention of the scaffolding protein in vitro perhaps due to strengthened 

scaffold-scaffold interactions. For example. after treatment with 1M guanidine 



hydrochloride (GuHCl), commonly used to extract scaffolding molecules, 40% of the 

L 1771 mutants retained a full complement of scaffold. 
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Cryo-EM difference mapping was used to investigate structural alterations with 

the L 1771 mutant. In this technique, cryo-EM image reconstructions of the wild-type and 

mutant procapsids are superimposed to reveal lost or additional density. At 15A 

resolution, these studies revealed additional densities at the hexamers, perhaps 

corresponding to an additional scaffolding dimer (Thuman-Commike eta/., 2000). 

Thuman-Commike et a/. (2000) suggest that the altered dimer conformation may corrupt 

the release of the molecule upon packaging, thus explaining the phenotype. These 

analyses provide evidence that the central region of the internal scaffolding protein may 

be responsible for self-association and could govern the incorporation of minor proteins. 

Also, these results reiterate that changes in one domain of the protein may influence the 

conformation of other regions. This is best illustrated with the L 1771 mutant, which 

resides in the central region of the protein that primarily affects self-association with 

other scaffolds. This mutation indirectly allows an altered interaction between the 

COOH-terminus of the scaffolding protein and the coat protein. 

Additional structure-function studies with gp8 suggest roles for the NH2 and 

COOH terminal domains. Parker eta/. (1998) reported the in vitro characterization of 

three deletion mutants: gp8 AllCOOH, gp8 A140NH2. and gp8 Al40NH2/AllCOOH. In 

these studies, assembly was monitored by time-dependent increases in turbidity. Coat 

and scaffolding protein are mixed at appropriate concentrations and then sampled for 

oligomerization in vitro. More light will be scattered by larger structures formed from 



coat-scaffold interactions. This technique bas proven useful to the study of kinetics of 

assembly (Prevelige eta/., 1993). 
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These analyses revealed a dependence upon the COOH-tenninal 11 residues for 

coat protein recognition and specificity, as in their absence no changes in turbidity were 

observed In vitro, the gp8 L\NH2-140 mutant caused a rapid, kinetically faster, increase 

in turbidity. Electron micrographs of these particles reveal aberrant particles (spirals) and 

some procapsid-like structures, which may indeed be larger. Protein analysis of 

procapsid-like particles produced in these reactions reveals an increase amount of 

scaffolding proteins being incorporated. The authors suggest that that this region (NH2-

terminal) may play a role in ensuring the proper size/form of procapsids. The amino

terminus of this protein is positioned in the core of the particle. It is possible that the 

internal scaffolding proteins are influencing the curvature of the shell via NH2-termini 

interactions. In addition to being extremely flexible. the COOH-termini, like most other 

internal scaffolding proteins. appears to govern capsid protein recognition during early 

assembly. 

2.3.2. Coliphage P2 and P4 

P2 is a T=7 dsDNA tailed bacteriophage of Escherichia coli which utilizes an 

internal scaffolding protein (gpO) during assembly. The presence of gpO results in an 

increase in the fidelity of assembly and the production of fewer aberrant structures. This 

protein is found in procapsid-like particles, however, it is not found in the mature particle 
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(Marvik et al.. 1994 ). Upon cleavage. 0 • remains in the capsid, however, its retention is 

poorly understood A structure-function map for this protein is most likely underway. but 

is not present in the current literature. The assignment of this protein as an internal 

scaffold is based upon its need during assembly and its loss prior to maturation. Beyond 

a structural inference from in vitro generated particles. it remains largely unknown what 

domains are responsible for viral coat protein interaction. 

P4. which does not encode its own head and tail proteins. is a parasitic phage of 

P2. In co-infections with P4 and P2 (or a P2-lysogen infection by P4) smaller T=4 

particles are produced (Bertini and Six, 1988). This is accomplished by a gene encoded 

by the P4 genome. Sid (size determinant). which interacts with the P2 viral coat protein 

(gpN) allowing the T=4 configuration. Cryo-EM image reconstructions of P4 procapsids 

produced in vitro reveal additional density with icosadhedral symmetry covering the 

external surface of the particle (Marvik et al .• 1995). 

The Sid protein (gpSid) acts as an external scaffold which is believed to interact 

with hexamers during assembly diverting assembly from a T=7 to a T=4 pathway. The 

Sid protein does not compete with the internal scaffold for coat protein binding. as the 0 

protein is found in both of T=4 and T=7 particles. Structural data suggest that the role of 

gpSid is analogous to the Microviridae D proteins. mediating two- and three-fold 

interactions between coat protein (Marvik et al.. 1995). It is thought that this protein 

cage is comprised of60 to 120 subunits ofgpSid. A model accounting for how gpSid 

disrupts the T=7 pathway has been proposed. Interactions between the coat protein 
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hexamer and gpSid could result in an alternative topology of the hexamer. This hexamer 

may have more curvature that results in a smaller particle that is T=4. 

Second-site suppressor analyses have been useful in determining protein-protein 

interactions. Mutants ofP2 that are resistant to P4 superinfection (Sir) were isolated and 

characterized (Six et al.. 1991). Substitutions conferring resistance map to the central 

region of the viral coat protein. gpN. Secondly. a ~super-Sid' mutant. which is capable 

of overcoming the resistance (Sir) to gpSid by the viral coat protein. was isolated and 

mapped. This mutation maps to the 3 • end of the Sid gene. 

If these suppressors are allele specific. these analyses may have delineated the 

exact region in which these two proteins associate (Marvik et a/., 1995). Clearly. the 

genetic evidence supports a biological interaction between the capsid and external 

scaffolding proteins. Additional genetic and structural analyses will be needed to 

elucidate additional domains responsible for other interactions between both of the 

scaffolding proteins and other viral proteins. 

2.3.3 The Herpesviridlle 

As with many viruses. bacterial and animal. the early events in viral assembly 

culminate with the formation of the procapsid intermediate into which the nucleic acid is 

packaged. The Herpesviridae procapsids are formed in the nucleus of infected cells (for 

review see Steven and Spear, 1996). All of the viral proteins (VPs) needed for assembly 

are encoded on the unique long (UL) region of the HSV genome. The proteinaceous 
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shell of the procapsid is comprised of 150 hexamers and 12 pentamers of the viral coat 

protein, VP5 (Booy eta/., 1994). Therefore, the inner capsid is a T=l6 structure. These 

particles are held together by the triplex protein, a heterotrimer comprised of one copy of 

VP 19C and nvo copies of VP23 (Spencer et a!., 1998; Booy eta/., 1994; Newcomb et at .• 

1993 ). A tegument protein, VP26, is also found in the procapsid particle and is 

associated with the distal tips of the hexamers. 

The core ofthe procapsid intermediate is composed of three proteins: VP21, 

VP24 and VP22a (Lui and Roizman, 1991 ). VP22a is thought to act as the major internal 

scaffolding protein and is found in approximately 1, 100 copies per procapsid (Newcomb 

and Brown, 1989; 1991 ). As depicted in Figure 2.6, these proteins are encoded by the 

UL26 and UL26.5 genes, which are expressed as an overlapping, in-frame 3' co-terminal 

transcript (Holland et a/., 1984 ). Hence, the COOH-terminal residues of these protein 

products are identical, differing only in the additional amino-terminal 248 residues of 

UL26. 

HSV assembly begins in the cytoplasm where the viral proteins are being 

translated. Pentamers or hexamers have never been isolated from the cytoplasm, 

therefore, it is unlikely that assembly proceeds via subassembly intermediates. It is 

known that the localization of capsid proteins to the nucleus is completely dependent 

upon an interaction with the internal scaffolding protein, the UL26.5 gene product 

(Matusick-Kumar eta/., 1994~ Nicholson. eta!., 1994 ). Briefly, these studies examined 

the distribution of VP5 in cells expressing clones of individual viral proteins. When 

expressed independently and in the absence of other viral proteins, UL26.5 is only found 



in the nucleus, while the VPS is distributed throughout the cytoplasm. Upon co

expression, it was found that VPS was efficiently transported to the nucleus by UL26.5. 

Since all of the residues found in the UL26.5 molecule are present in the UL26 

polypeptide, both ofthese proteins most likely interact with VPS in the cytoplasm. 
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Using sucrose gradient sedimentation, three forms ofcapsids (A, 8, and C) can be 

isolated from cells infected with HSV. These particles differ in protein/nucleic acid 

content, size, and maturation state ofthe scaffolding protein. A capsids are devoid of 

DNA and scaffold and represent the product of abortive packaging. B capsids contain 

processed scaffolding proteins but no DNA. C capsids have lost all ofthe internal 

scaffolding proteins and are fully packaged. For many years, the procapsid intermediate 

was never isolated. It was recently found that these particles are intolerant to sucrose 

gradient centrifugation and require a gentle means of isolation and purification 

(Newcomb eta/., 1997). Procapsids are highly unstable, contains unprocessed 

scatTolding protein, and are much more spherical than 8 capsids (Newcomb eta!., 1997). 

The follovving information is a synopsis of genetic and biochemical data of the events 

cumulating in procapsid formation. 

Genetic, biochemical, and structural analyses suggest that the COOH-terminal 25 

amino acids internal scaffolding protein (ofthe UL26.5 gene product) is needed for 

capsid recognition and assembly in vitro. As mentioned in Section 2.1, the scaffolding 

proteins of related Herpesviruses, VSZ and HSV-1, can cross-complement forming 

procapsid-like structures in vitro. However, increased amounts of these structures are 

observed if the COOH-termini of these proteins are interchanged to match the species (or 
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origin) of the coat protein (Preston eta/., 1997). In these studies, chimeric internal 

scaffolding proteins were used to produce procapsid-like particles in vitro. The construct 

was successful in assembling closed spheres with similar antigenic character as 

procapsids, however~ it is unknown whether these proteins are capable of capsid 

assembly, self-association, and minor protein incorporation in vivo. Also, despite only 

sharing 3 l% homology on the amino acid level, the BHV COOH-terminus was capable 

of assembling HSV capsids in vitro (Haanes eta/., 1995). 

Hong eta/. (1996) determined that hydrophobic residues ofthe COOH-terminus 

of the HSV-l internal scaffolding protein govern capsid protein interaction. Their results 

suggested that the COOH-terminal residues form an amphipathic a.-helix. The 

hydrophobic side of this helix is important for coat protein recognition, as substitution of 

these residues alters binding specificity in vitro. Deletion studies also confirm that this 

region of UL26 and UL26.5 is necessary for coat protein recognition (Thomsen et a/., 

1995). Deletion constructs, UL26.1C25 and .1UL26.5C25, yielded aberrantly shaped 

particles in vitro. 

Two cleavage events occur during maturation. The first liberates the COOH

terminal 25 amino acids from both UL26 and UL26.5 (Figure 2.6). The second cleavage 

event occurs only in UL26 and results in maturation of VP24, which is the viral protease. 

Mutants that are defective in COOH-terminal cleavage retain the scaffolding protein and 

loose VP24. A recent second-site suppressor analysis has been used to elucidate the 

release step between the viral coat protein and internal scaffolding protein (Desai and 

Person, 1999). 
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In this study, UL26.5 mutant viruses, which are defective in the COOH-terminal 

cleavage, were screened for the pseudorevertants and suppressors. Second-site 

suppressors are now capable of scaffolding protein (VP22a) release and increased 

retention ofVP24. These mutations map to the Nm-terminal region ofVP5, the viral coat 

protein. These results also suggest the COOH-terminal region of the scaffolding protein 

contacts the viral coat protein and that these contacts can be adjusted to release the 

scaffold accordingly. It is also possible that the scaffold-coat interact site is also the site 

for VP24 interaction after maturation. These results suggest that the scaffolding protein 

not only plays a role in capsid recognition and assembly, but also affects minor protein 

incorporation. 

The internal scaffolding proteins may also be responsible for particle size 

determination. In baculovirus infected insect cells expressing all of the necessary 

components (with internal scaffold) for assembly except a component of the triplex, a 

T= I 6 particle is formed. However, in cells only expressing the VPS and triplex 

components (without the internal scaffold), a smaller T=7 icosadhedron is formed (Saad 

eta!., 1999). Similar observations have been detected with P22. Particles formed in the 

absence of scaffolding proteins are T=4 instead ofthe typical T=7 shell (Thuman

Commike eta!., 1998). Perhaps the absence of the internal scaffolding protein affects the 

topology of the shell during maturation. Clearly these are multifunctional protein and 

most likely possess discreet domains responsible for each role. 

Much like that of 0Xl74 and P4, biochemical and structural analyses suggest that 

the HSV triplex proteins are acting as an external scaffolding protein, stabilizing the 
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capsomers through three-fold interactions (Saad eta/., 1999; Spencer et al., 1998). The 

trim eric complex has a sedimentation coefficient of 7. 9S and has been determined to 

consist oftwo copies ofVP23 and one copy ofVP19C (Spencer eta/., 1998). When 

expressed alone, VP23 sediments at 4.9S, suggesting self-interaction into dimers does not 

require VP 19C. Deletion analysis of VP 19C has revealed that neither the amino and 

carbo~-yl termini are needed for interaction with VP23 (Spencer eta!., 1998). This 

suggests that intra-subunit interactions are made via the middle region of the protein, 

much like the Microviridae D proteins. 

VP l9C deletion mutants were also examined for their ability to assembly capsids 

into larger intermediates. Two NH2-terminal deletions (L1N45 and L1N90) were still able 

to assembly capsids in vitro. Larger structures were not observed with .1Nl05 and .1C15. 

The COOH-terminal 15 residues are probably the amino acids forging the coat protein 

interaction, since a modest deletion is not tolerated, whereas up to 105 residues could be 

deleted from the 5' end without impairment. 

Structural data suggest that the components ofthe triplex complex interact with 

different domains (Saad eta/., 1999). Cryo-EM difference mapping between particles 

formed with or without VP26 has afforded a structural interpretation of how this protein 

stabilized the particle. These studies revealed that VP26 forms a floor connecting the 

base of neighboring hexamers while the 'ceiling' of the shell is comprised of VP I9C, 

bridging hexamers at the three-fold axes of symmetry (Saad et a/., 1999). A specific 

domain of VP26 has not been deemed necessary and sufficient for capsid interaction. 

Although the triplex has become part of the mature particle, it is still performing a 
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function analogous to that of an external scaffolding protein. The use of scaffoldings in 

all of these diverse systems poses interesting questions, addressed in the next section, 

with respect to the evolution of scaffolding proteins in general and function convergence 

between proteins. 
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2.4 SCAFFOLDING PROTEIN EVOLUTION 

Evolution could be defined as a delicate balance between deleterious and 

beneficial mutations with the ultimate goal of improving fitness of a biological entity. 

Fitness, at protein level, often necessitates maintenance of functional domains. 

Functional convergence has been inferred for molecules such as the highly conserved 

excision/repair motifs within bacterial to human exonucleases (Petit and Sancar, 1999) 

and the Zn +2-peptidase superfamily of enzymes from distantly related organisms 

(Makaroca and Grishin, 1999). This group of enzymes participates in metal-dependent 

substrate cleavage. It has been shown that the zn+2-binding site and catalytic domain of 

these enzymes is identical between lower (Archaebacteriae .\p.) and higher (Homo 

sapiens) organisms, exemplifying its importance. 

Functional convergence after evolutionary divergence is evident with scaffolding 

proteins of many highly divergent viral systems. In some cases, despite immense 

divergence, the functional domains have been maintained within the scaffolding protein. 

For example, the internal scaffolding proteins for the Microvirus, Salmonella phage P22, 

and Herpesviruses have all retained the COOH-terminal coat protein interaction domain. 

In addition to preventing aggregation of capsid protein during early assembly, the 

residues responsible for coat protein recognition and specificity are hydrophobic in 

character. Throughout time, the internal scaffolding proteins have also retained a flexible 

nature. 
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However, for many viruses, the role of the scaffold is accomplished by a 

structural protein, as if the two proteins were merged into one that performs the functions 

of both. The host range ofthe four genera (Microviros, Spiromicrovirus, 

Bde!!omicrovirus and Chlamydiavirus) ofthe Microviridae is quite broad ranging from 

obligate intracellular parasitic bacteria and/or degenerated bacteria such as mollicutes 

(Liu et al., 2000~ Chipman eta/., 1998, Storey eta/., I989). All of these phage have 

considerably smaller genomes (4.4- 4.6 kb) than the coliphage (5.3- 6.0 kb) reflecting 

the loss of the external scaffolding and spike protein genes. As described in Liu eta/. 

(2000) the internal scaffolding protein of Chlamydia phage 2 (Chp2) may have evolved 

into the structural protein VP3. The I: I ratio of VP 1: VP3 is identical to the coat: 

internal scaffolding protein ratio of eX 174. There is approximately 25% homology in the 

first 120 amino acids of VP3 and coliphage 8 proteins. The amino acids that mediate 

i ntemal scaffolding-coat protein interactions in the atomic structure eX 17 4 procapsid are 

conserved within Chp2 (Dokland et a/., I997~ 1999). Chp2 ORF8 encodes small basic 

protein, the equivalent of the eX DNA binding protein. The Chp2 and eX proteins differ 

in the addition of a hydrophobic COOH-terminus in the eX protein. The hydrophobic 

COOH-terminus of the eX internal scaffolding and DNA binding proteins interact with 

the same binding cleft within the coat protein (McKenna eta/., 1992; Dokland eta/., 

1997; 1999). Through competition, the J protein mediates the extrusion of the 8 protein 

during DNA packaging. If VP3 has evolved into a structural protein, it follows that the 

ORF8 gene product would not need a hydrophobic COOH-terminus. 
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The evolution of internal scaffolding proteins is also evident in complex 

retroviruses such Mason-Pfizer Monkey Virus (M-PMV). It had been previously 

documented that the p 12 region of Gag, dubbed the internal scaffold domain-lSD, is 

required for intracellular assembly, as its deletion results in no assembly in vitro 

(Sommerfelt eta/., 1992). It has been postulated that an acidic stretch of residues in this 

domain was critical for assembly in vivo. Additional deletion analysis of this region 

confirms this hypothesis (Sakalian and Hunter, 1999). The Alicrovirus internal 

scaffolding proteins also contain a stretch of amino acids which are highly acidic and 

share some homology with the lSD region of Gag. These residues are not visible in the 

atomic model, as they are in the flexible unordered region (Dokland eta!., 1997; 1999). 

The function of this region is unknown, it may contain the proteolytic cleavage residues 

and are currently being analyzed by site directed mutagenesis. 

There are no proteins in Chp2 share homology to the 0X 174 external scaffolding 

protein, which is the most conserved protein ofthe coliphage Microviridae. Genetic and 

structural analyses suggest that the primary functions of the D proteins are the mediation 

oftwo-fold interactions, the placement of spike protein pentamers on the coat protein, 

and the organization of the coat protein at the three-fold axes of symmetry. None of 

these functions may be required in Chp2. First, the phage is smooth, possessing no 

spikes. Second, the internal scaffolding protein in eXI74, which may be analogous to the 

structural VP3, also mediates two-fold interactions. The organization of the three-fold 

axes of symmetry is probably performed by an insertion loop in the Chp2 coat protein. 
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Like Chp2, the Spiroplasma virus 4, SpV4, genomes do not encode a major spike 

protein. Both Chp2 and SpV4 possess a salient mushroom-like protrusion at the three

fold axis formed by a 71 amino acid this insertion loop (Chipman et a/., 1999). This 

structure may now correspond to the new site of DNA injection, since the spike protein 

has been lost. However, it is likely that this region now serves to stabilize the three-fold 

interactions needed for particle stability. The evolution of the internal scaffolding protein 

into that of the viral coat may have triggered the loss of the spike protein, since its 

association with the coat is dependent upon this protein. Loss ofthe spike may have 

minimized the need for an external scaffolding protein, however; the particle was not 

stable without its three-fold contacts. This problem is alleviated by insertion loops in the 

viral coat, which stabilize the particle. 

Three-fold protrusions are observed in many viruses such as Parvoviruses. The 

atomic structures of several representatives from this family have been determined and 

reveal similar conserved motifs (Chapman and Rossmann, 1993; Agbandje et al., 1993; 

Agbandje eta/., 1994; Agbandje-McKenna eta/., 1998; McKenna eta/., 1999). With the 

exception ofhuman parvovirus 819, salient features ofthe virion are astonishingly 

similar between species. The most striking similarities between these viruses, excluding 

the ·faithfully' conserved 13-barrel, is the maintenance of the three-fold protrusion. In 

feline panleukemia virus (FPV), this structure, formed by amino acid insertion between 

f3G and f3H in the coat proteins, is 22A long spike and 70A in diameter (Agbandje eta/., 

1994 ). In addition to making three-fold contacts, these structural features are thought to 

be responsible for host range determination. 
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Unlike the prototype strain of minute virus of mice, MVM(p ), the immuno

suppressive strain MVM(i) cannot infect fibroblasts. These viruses are 97% identical on 

the nucleotide level, differ only by 14 amino acids in the coat protein, and are 

serologically indistinguishable (Tattersall and Bratton, 1983 ). Host range mutations 

cluster in a surface loop that shoulders the spike at the three-fold axis of symmetry. 

Similarly, canine parvovirus (CPV) and feline panleukemia virus (FPV) are 98% 

identical on the amino acid level. The ability to infect canine cells is determined by the 

character of two residues: 93 and 323 (Chang et al .• I 992). These two amino acids are 

situated near the three-fold axis of symmetry, in the apex of the insertion loop. Clearly, 

this structure is multifunctional, indeed determining host range ofthe virus, as well as 

mediating three-fold contacts. Three-fold contacts within the HSV internal core particle 

are mediated by a trimer of structural proteins. These proteins are performing an 

analogous function to that of the external scaffolding protein. 

Clearly, the roles scaffolding proteins in many systems are comparable. despite 

vast divergence. The flexible internal scaffolding proteins, or domains acting as such, 

inhibit premature association between viral proteins as well as stimulating conformational 

switches allowing progression through the assembly pathway. Upon formation of an 

intermediate structure, these proteins make critical interactions, whether across two-fold 

axes of symmetry or between scaffolds, that are responsible for particle stability and in 

some systems size determination. These proteins may also play a central role in the 

incorporation of minor proteins. The external scaffolding protein, or analogous regions 



of proteins, have been retained for species specificity and particle stability at the three

fold axis of symmetry. 
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FIGURE 1.1 Microviridae Morphogenetic Pathway 
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FIGURE 2.1 The eX174 procapsid asymmetric unit. 
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FIGURE 2.2 Structural differences within the eX174 procapsid 

a. Atomic model of the closed procapsid 

b. Cryo-EM image reconstruction of the open procapsid 
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FIGURE 2.3 The four faces ofD 

a. Four D proteins per procapsid asymmetric unit -
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FIGURE 2.4 Microvirus D protein alignment 
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FIGURE 2.5 Upstream regulatory region of the ford mutant 
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FIGURE 2.6 Herpesvirus UL26 and UL26.5 genes 
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TABLE 2.1 Dominance assay with Glycine #61 mutants 

Infection Burst 
(0/cell} 

wild-type eX174 77.3 

0X(D)G6IV 0.5 

0X (D)G61D 0.04 

wild-type 0Xl74 X 0X (D)G6JV 4.5 

wild-tvne 0X174 X eX (JJ.~G61D 0.5 
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Summary 

The assembly of the viral structural proteins into infectious virions is often mediated by 

scaffolding proteins. These proteins are transiently associated with morphogenetic 

intermediates but not found in the mature particle. The genes encoding three 

lv!icrol'iridae (0X 174, G4 and a3) internal scaffolding proteins (8 proteins) have been 

cloned. expressed in vivo and assayed for the ability to complement null mutations of 

different Microviridae species. Despite divergence as great as 70% in amino acid 

sequence over the aligned length, cross-complementation was observed. indicating that 

these proteins are capable of directing the assembly of foreign structural proteins into 

infectious particles. These results suggest that the Microviridae internal scaffolding 

proteins may be inherently flexible. There was one condition in which a 8 protein could 

not cross-function. The 0X 174 8 protein cannot productively direct the assembly of the 

G4 capsid at temperatures above 21°C. Under these conditions, assembly is arrested 

early in the morphogenetic pathway, before the first 8 protein mediated reaction. Two G4 

mutants. which can productively utilize the 0X 174 8 protein at elevated temperatures. 

were isolated. Both mutations confer amino-acid substitutions in the viral coat protein 

but differ in their relative abilities to utilize the foreign scaffolding protein. The more 

efficient substitution is located in a region where coat-scaffolding interactions have been 

observed in the atomic structure and may emphasize the importance of interactions in this 

region. 

KEY WORDS: SCAFFOLDING PROTEINS, VIRAL ASSEMBLY. 0X 174 
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INTRODUCTION 

Scaffolding proteins, which have been identified in several viral systems (King & 

Casjens, 1974: Siden & Hayashi 1974; Rixon, 1993: Leibowitz & Horowitz, 1975), are 

transiently associated with morphogenetic intermediates but not found in the mature 

particle. Scaffolding proteins may be inherently flexible, having to assume one structure 

that mediates capsid protein assembly and another one that allows for dissociation and/or 

extrusion form the assembled complex. The Microviridae system (canonical members: 

0X I 74. G4 and a3) is an ideal system in which to investigate the morphogenetic 

functions of scaffolding proteins. Both the atomic structures of the 0X 174 virion and a 

morphogenetic intermediate containing a full complement of both the internal and 

external scaffolding proteins have been solved (McKenna eta/., 1992. 1994. Dokland et 

a/ .. !997). Therefore, the results of genetic and biochemical analyses can be interpreted 

within a structural context. 

The i\1/icroviridae assembly pathway is illustrated in Figure I (for review, see Hayashi et 

a!.. I 988 ). The first detectable morphogenetic intermediates are the 9S and 6S particles, 

respective pen tamers of the viral coat and spike proteins. In a reaction mediated by the 

internal scaffolding (or B) protein, these intermediates associate, forming the I2S 

particle. Although the procapsid crystal structure suggests that the 12S particle may be 

the product of an off pathway reaction, this particle does exhibit properties associated 

with true morphogenetic intermediates: the ability to be chased into mature structures in 

pulse-chase experiments (Tonegawa & Hayashi, 1970). With the aid of the external 



scaffolding (or D) protein, twelve 12S particles are organized into the procapsid. The 

DNA binding protein enters the morphogenetic pathway during the packaging reaction, 

pc;!rhaps mediating the extrusion of the internal scaffold. The highly aromatic COOH

termini of both proteins are known to interact with a common cleft formed by viral coat 

protein (McKenna et al., 1992. 1994; Oakland er al., 1997). Maturation is complete 

upon the dissociation of the external scaffolding protein. 

82 

The atomic structure of the 0X 174 procapsid demonstrates that the external scaffolding 

(protein D) is inherently flexible, assuming at least three non-quasi-equivalent 

conformations. These conformations are determined by the subunit's location within the 

lattice relative to coat, spike. and other D proteins. The internal scaffolding (or B) 

protein. on the other hand. appears to occupy the same general location in each 

asymmetric unit. While portions of the protein are readily distinguished within the crystal 

structure. much of the density is unordered, suggesting that interactions with the 

overlying coat protein can be both variable and flexible. To further investigate the 

tlexibility of scaffolding protein interactions the B genes of 0X 174. 04 and a3 have been 

expressed in vivo and assayed for the ability to cross-complement. As can be seen in 

Table l and Figure 2. the amino acid sequences of these proteins exhibit a high degree of 

divergence. Here we report that Microviridae scaffolding proteins with 70% divergent 

primary structures can productively direct the assembly of viral coat proteins in a non

species specific manner. 



Results 

Cross-functional analysis of; Microviridae internal scaffolding proteins 

The cloned oX 174, G4, and a.3 B genes were assayed for the ability to complement 

various am( B) mutants in both plating and burst assays at 33 oc_ The results of these 

experiments are in Table 2. With one exception (see below), the various am( B) mutants 

plate with comparable efficiencies regardless of the origin of the inner scaffolding 

protein. indicating that the B proteins can cross-complement despite divergence as large 

as 70% on the amino acid level. Although efficiencies were comparable, plaque 

morphologies varied. Plaques formed on hosts harboring a clone of the indigenous gene 

were generally larger than plaques formed via cross-complementation. Therefore to 

determine l) a quantitative measure of cross-complementation and 2) if variations in 

plaque morphologies were significant, burst experiments were also performed. 
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For burst experiments, BAF30 (recA) cells harboring various B clones were grown to a 

concentration of 1.0 X 103 cells/ml and infected with am( B) mutants at an M.O.I. 

(multiplicity of infection) of 5.0. In these assays, burst sizes produced in cells harboring a 

clone of the indigenous gene and in the sup 0 host (CI22) serve as standards by which the 

efficiency of cross-complementation can be accessed. In general, complementation by the 

indigenous gene appears to be more efficient than cross-complementation, producing 

larger bursts. For example, a.3 am(B)Q/8 produced a burst of 63 0/cell in BAF30 pa.3B. 

but bursts of only 16.3 and 15.5 0/cell in BAF30 p0XB and BAF30 pG4B, respectively. 

oX 174 am( B)Ql8 yielded a burst of 24.8 0/cell when complemented by its own B gene. 
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but only 6.8 0/cell when complemented by the a3 gene. This preference for the 

indigenous scaffolding protein, however, was not always observed. Complementation of 

the oXl74 mutant by the G4 and 0Xl74 genes were comparable, 24.8 0/cell versus 19.2 

a/cell. 

There was one instance in which cross-complementation was not observed. The cloned 

oX l 7 4 B gene is unable to complement the G4 am( B )Q 18 mutant at temperatures 

between 33°-42°C. In burst experiments performed at 33°C. the burst produced by the 

G4 mutant in BAF30 p0XB was only 0.09 0/cell, which did not significantly differ from 

that obtained in the sttp 0 host (0.0 I 0/cell). These low bursts reflect the titers of 

unabsorbed virions determined lO minutes post infection. To determine whether the 

oX 174 B protein was capable of inhibiting G4 morphogenesis. bursts experiments were 

performed with wild-type G4 in the presence and absence of the inducer IPTG. Induction 

of the cloned oX 174 8 gene had no effect on yields, 165 0/cell versus 173 0/cell. 

respectively. These results indicate that the 0X 174 8 protein either does not interact with 

G4 structural proteins or interacts productively if the indigenous protein is present. 

Plating assays were conducted with wild-type viruses. Expression of the foreign 

scaffolding appears to have no e~fect on wild-type G4 plating efficiency. Failure to cross

complemem. however. was found to be temperature dependent. In plating assays 

conducted at 21 oc. the G4 am( B )Q 18 mutant plated with equal efficiencies on 8AF30 

pG4B and BAF30 p0XB. Burst experiments were also conducted at this temperature. 

Again complementation by the indigenous gene ( 40 0/cell ) appears to be more efficient 

than cross-complementation ( 13 0/cell). Failure to cross-complement, however, was 
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found to be temperature dependent. In plating assays conducted at 21 °C, the G4 

am( BJQ18 mutant plated with equal efficiencies on BAF30 pG4B and BAF30 poXB. 

Burst experiments were also conducted at this temperature. Again complementation by 

the indigenous gene ( 40 o/ceU ) appears to be more efficient than cross-complementation 

( 13 o/cell ). Low temperature complementation may reflect an overall change in 

:->caffolding protein flexibility which enhances the coat-scaffold or two-fold scaffold

scaffold interactions. However. the experiments in this report do not directly address this 

supposition. 

In l'ivo analysis of the G4 am(B)Q/8 morphogenetic pathway in the presence of the 

oX174 8 protein 

To further investigate the inability of the oX 174 B protein to direct G4 morphogenesis. 

cells harboring clones of either the G4 or oX 174 B genes were infected with G4 

am( 8)Q/8/am(E)W4 or wild-type G4. The am(E)W4 mutation prevents cell lysis but 

does not affect virion morphogenesis. Radioactive extracts were prepared as described in 

Ekcchukwu eta/. ( 1995) and analyzed by sucrose gradient sedimentation. The 

sedimentation profiles from these experiments are presented in Figure 3. In extracts 

prepared from BAF30 poXB cells infected with G4 am(B)Q/8/anz(E)W4, no large 

assembly intermediates or virions(> 70S) were detected (panel A: 0). Large particles, 

however. were present in extracts made from BAF30 pG4B infected cells infected with 

this mutant (panel A: 0 ). The infectivity of each fraction was determined by titering. 

Infectivity co-sediments with the large peak at ll4S. indicating the presence of virions. 



The sedimentation profiles of smaller assembly intermediates ( <20S) are presented in 

panel B. In extracts prepared from infected BAF30 p0XB and BAF30 pG4B. counts 

sediment at both 9S and 6S, the respective position of coat and spike protein pentamers 
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( Tonegawa and Hayashi. 1970). Presumably. the counts sedimenting at these positions in 

the profiles reflect the presence of these particles. In the permissive infection (8AF30 

pG48 ). counts sediment at 12S and 18S. Formation of both particles is dependent on 

productive internal scaffolding-coat protein interactions (Tonegawa and Hayashi, 1970: 

Ekechukwu and Fane. 1995; Fane unpublished results). These particles appear to be 

absent in the extracts prepared from BAF30 p0XB infected cells. suggesting that the 

oX 174 8 protein is incapable of mediating the earliest B-dependent steps in 

morphogenesis. The 12S particle is composed of 5 copies each of the coat and spike 

proteins (Tonegawa and Hayashi, 1970). The 18S particle is composed of a coat 

pentamer. a spike pentamer and, depending on isolation conditions. B and D proteins as 

well r Fane. unpublished results). Because of particle instability and the inability to trap 

large quantities of this particle by genetic mutation. the exact nature of the 18S particle 

remains obscure. However, the atomic structure of the 0X 174 procapsid suggests that the 

ISS particle may be more representative of a true assembly intermediate than the 12S 

particle. \Vhich may result from the degradation of the 18S entity. 

Second-site reversion analysis 

To isolate G4 mutants that have the gained the ability to use the 0X 174 B protein (G4 

oXB-uti!i:ers). a second-site genetic analysis was conducted. G4 am( B)Ql8 was plated 

on BAF30 p0XB at 33°C or 3rC. Three types of reversion events were anticipated: 1) 
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same-site events (am ~am+), 2) extragenic events allowing the use of either the 0X 174 

or G4 proteins (oXB~utilizers). and 3) extragenic events permitting only the use of the 

oX 174 protein (oXB-demanders). To distinguish between these three events, revertant 

plaques were stabbed into three indicator lawns: C122 (sup 0
), BAF5 (sup£). and BAF30 

poXB. oXB-utili::.ers would maintain the amber phenotype. failing to grow on C 122 

( sup 0
). but propagating on BAF5 (sup£) and BAF30 p0XB. oXB-demanders, however, 

would only propagate on BAF30 p0XB. The frequencies of am· and B-utili::.ers revertants 

were 6.0 X 10·6 and 4.0 X 10·6
, respectively. No (I)XB-demanders were recovered. 

Based on plaque morphologies, two distinct phenotypes were distinguished: strong and 

weak. DNA was extracted and the coat protein gene was sequenced from two isolates of 

each phenotype and the parental strain. Both srrong-oXButilizer mutations conferred 

serine ~ phenylalanine substitutions at position 140. The two ~veak-oXButilizer 

mutations conferred glycine ~ arginine substitutions at position 223. A mutagenic 

oligonucleotide designed to introduce the strong B-utili::.er mutation into the am(B)Q/8 

background and a non-mutagenic primer were used in rescue experiments to verify the 

identity of the strong mutation. After in vitro DNA synthesis. mutagenized and un

mutagcnized DNA was transfected into BAF5 (sup£). Two hundred plaques from each 

transfection were stabbed into indicator lawns seeded with C 122 (sup 0
), BAF5 (sup£). 

and BAF30 p0XB. Rescue was defined by two criteria: retention of the am phenotype 

and the ability to propagate in BAF30 p0XB. From the transfections with mutagenized 

DNA. 7.09C rescue ( 14/200) was observed, whereas, less than 0.5% rescue (0/200) was 

obtained from the control transfection. 
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To further characterize the 0XB-utilizer mutations, additional burst experiments were 

perfom1ed. As can be seen in Table 3, the 0X 174 B protein can mediate the assembly of 

the mutant G4 coat proteins. Relative burst sizes. furthermore, are consistent with plating 

phenotypes. The strong oXB-utilizer mutant produced a significantly higher burst in 

BAF30 poXB (58.6 0/cell) than the weak B-utilizer (3.0 0/cell). Although small. the 

burst produced by the weak B-utiii:::.er mutant is significantly higher than the burst 

produced by the parental mutant (0.09 0/cell), and reflects a titer five-fold higher than 

unabsorbed phage determined lO min post infection. The 8-utili:::.er mutants also differ in 

their ability to utilize the a3 protein. While the parental mutant produced a burst of 93 

o/cell in BAF30 pa3B. the weak ~XB-utilizer produced a burst of only 3.4 0/cell. 



Discussion 

Cross-functional analyses of internal scaffolding proteins 

Cross-species complementation and genetic reassortment studies have been used to 

demonstrate functional homology between viral proteins (Mettenleiter & Spear. 1994: 
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Lamb & Krug. 1996). While these assays are ideal for proteins that interact minimally 

with other viral proteins, these techniques may not be applicable to proteins that interact 

in multimeric complexes. The genetic characterization of the viable hybrid viral 

genomes. for example. suggests that genes encoding interacting proteins are concurrently 

transferred during recombination (Botstein, 1980). Scaffolding proteins. however. may be 

a notable exception. Despite vast divergence in primary structure, the Microviridae 

internal scaffolding proteins can direct the assembly of foreign coat proteins. There is. 

however. a preference for the indigenous scaffold. A similar phenomenon has also been 

documented with the scaffolding proteins of various Herpesviruses. (Haanes er al. 1995: 

Preston era!. 1997). 

Our results differ from a previously published report (Kodaira era! .. 1992). which 

suggests that the Microviridae internal scaffolding proteins are not cross-functional. This 

disparity can best be explained by examining the methodologies used in the two studies. 

Previously. the ability to cross-function was assayed in co-infections with viruses of 

different species. In co-infected cells, cross-complementation could have been masked by 

a vast range of non-productive. inter-species protein-protein interactions. Plasmid-based 



complementation experiments circumvent this problem and may represent a more 

specific assay of a scaffolding protein's ability to cross-function. 
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Having now been documented in two diverse viral families (Haanes eta!. 1995; Preston 

era!. 1997 ), the cross-function phenomenon suggests that internal scaffolding proteins, in 

general. may be inherently flexible or undergo substrate-directed folding. While inherent 

tlexibility invokes non-specific mechanisms. specific interactions are also occurring. 

most notably in the COOH-terminus. The VZV and HSV -1 scaffolding proteins cross 

function only when the COOH-terminal regions of the proteins are interchanged. The 

COOH-terrnini of the Microviridae B proteins are more strongly conserved than the rest 

of the protein. In addition. the atomic structure of the oX 174 procapsid reveals that the 

majority of the amino acids known to interact with the viral coat protein are in this 

region. However. the NH1-terminus probably interacts with both the coat protein and 

NH2-terminus of a two-fold related B protein via non-specific interactions as seen with 

molecular chaperones. which interact with substrates via non-specific mechanisms and 

most likely have flexible domains (Ellis & van der Vies. 1991: Horwich. 1995; Hartl & 

Martin. 1995). Considering the dynamics of viral assembly. some inherent flexibility is 

probably required. Internal scaffolding proteins must first assume a structure that directs 

the assembly of pentameric intermediates into a rigid capsid. Afterwards. these proteins 

must assume an alternate structure, one that allows for extrusion from an internal 

location. In P22 and oX 174. this structure must be compact enough to exit through 20-30 

A pores ( Ilag. eta!., 1995: Prasad et al., 1993 ). The atomic structure of the oX 174 
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procapsid. furthermore, demonstrates that the external scaffolding (protein D) can assume 

at least three different conformations. 

Evolution of viral genome structure 

Overlapping reading frames increase the amount of genetic information encoded in small 

,·ira! genomes (Sanger eta!., 1978; Kodaira et al .• 1992; Godson ec a!.. 1978; Sonigo et 

a/ .. 1985: Griffin & lto. 1993. Kobayashi & Koike, 1984 ). Gene B resides entirely within 

the reading frame of gene A and A*, and overlaps with gene K. While both the A* and K 

proteins are unessential for viral propagation (Colasanti & Denhardt. 1987. Tessman ec 

a/ .. 1980). the A protein plays a critical role in genome replication and must interact with 

many host cell proteins. 0X 174 replication. for example. is sensitive to host cell rep 

alleles (Tessman & Peterson. 1976). Host-range interactions between these two genes 

have been documented (Ekechukwu et al .. 1995). In addition. mutations in gene A may 

play a critical role in adapting 0X 174 to propagate in Samonella typhimurium (Bull et 

a/ .. 1997). The unessential A* and K genes are unlikely to hinder the ability of gene A to 

co-evolve with its host. Furthermore it is unlikely that the essential B gene will constrain 

the evolution of gene A. the results of the cross-functional analysis demonstrates that 

these proteins are inherently tolerant of extensive amino acid variations. 

Structure-function analysis of the Microviridae 8 proteins 

Sequence comparisons of proteins with homologous structures and genetic analyses 

indicate that many regions within a protein can tolerate considerable variation without 

affecting function (Miller eta/., 1979. Dikerson & Geis. 1983; Krebs et al. 1983, 



Bashford et at .. t 987: Fane & King. 1987. McKenna et at .. 1992. 1996: Chapmann & 

Rossmann. 1993: Jennings & Fane. 1997). This is most likely the case for the 

lv!icrm·iridae B proteins as well. These methodologies in combination with structural 

information and cross-functional analyses can be used to further understand protein

protein interactions within large multimeric complexes. such as viral procapsids. 
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As can be seen in Figure 2A. the residues in the COOH-termini are the most strongly 

conserved between the sequences. In addition. the vast majority of amino acids known to 

interact with the viral coat protein are in this region as well. This highly aromatic 

terminus fits into a cleft formed between a-helix 2 and the B-barrel of the coat protein 

(Me Kenna ec a! .. 1996: Oakland et al. 1997). The strong-utilizer mutation described in 

this report confers a ser -> phe substitution in this cleft (Figure 4) and most likely reflects 

the importance of these contacts and the involvement of aromatic amino acids. Tolerated 

substitutions have been documented in this region of the protein. Interestingly. they 

cluster in an unconserved area (Bullet a!. 1997. Weisbeek. 1986). If the conserved amino 

acid residues are critical for function. mutations at these sites may not have been 

recovered by classical mutagenesis. An amino acid sequence comparison of the viral coat 

proteins in the regions identified by the B-utilizer mutations may offer an explanation for 

the ability of the two most divergent B proteins (a3 and 0X 174) to cross-function. As 

depicted in Figure 28. these regions within the a3 and 0X 174 coat proteins are more 

highly conserved than the sequences found within the G4 coat protein. Sequence 

comparisons. however. do not fully explain all of the cross-functional data. Primarily. 

they offer no insights into the inability of the 0X 174 B protein to complement the G4 



mutant while the more divergent a3 protein can cross- complement. Elucidating the 

atomic structures of the G4. a3, and hybrid procapsids containing foreign scaffolding 

proteins may be required to more fully understand the cross-functional phenomenon. 
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It is possible that the viral coat protein plays a critical role in determining the 

conformation of the internal scaffolding. The Microviridae coat proteins exhibit much 

less amino acid sequence divergence. The r.m.s. deviation between the ex backbones of 

the oX 174 and G4 coat proteins is only 0.36 A (McKenna eta!.. 1996). Initially. the 

internal scaffolding protein might interact with a coat protein in one specific region. 

perhaps in the above-mentioned cleft. Afterwards. the scaffolding adapts its structure to 

the coat protein. [n the oX 174 procapsid structure. the NH2-tenninus of the B protein. 

which resides along the two-fold axis of symmetry. is disordered. Considering the high 

degree of sequence variation in the amino-termini. it is unlikely that coat-scaffolding 

interactions in this region are governed primarily by specific side-chains. The sequence 

,·ariation. cross-functional phenomenon and unordered density suggest that contacts made 

by this part of the protein are more variable than those found at the COOH-terminus. and 

perhaps not as crucial. The ~veak 8-utilizer substitution resides in close proximity to this 

disordered density and may explain the comparatively weak phenotype. 

The atomic structure of the viral procapsid suggests that the B protein may have two 

domains: the COOH-terminus which interacts more extensively and specifically with the 

,·ira! coat protein and the NH2 terminus which may primarily interact with other B 

proteins across the two-fold axis of symmetry. However, the existence of B-utilizer 
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mutations in two regions of the coat protein, contacting opposite ends of the internal 

scaffold. suggests that the two termini do not function as totally separate and independent 

domains. Altering the contacts made by one end of the protein can affect those made by 

the other. Recent experiments conducted with a chimeric B protein support this assertion. 

This chimeric protein is comprised of the NH2 terminus of G4 and the COOH terminus of 

oX 174. The chimeric scaffolding protein efficiently supports 0X 174 morphogenesis. but 

rails to direct the assembly o~ wild-type G4. the 8-utilizer strains or u3 {unpublished 

data). 



:\'lA TERIALS AND METHODS 

Plating assays, burst experiments, stock preparation, and DNA isolation The 

reagents. media. buffers, and protocols are described in Fane & Hayashi ( 1991 ). 

Bacterial strains 

The E. coliC sTrains C122 (sup 0
) and BAF5 (supE) are described in Fane & Hayashi 

( 1991 ). BAF30 is a recA derivative of C 122 (Fane eta!.. 1992). 

Phage mutants 

oX 174 am ( B JQ I 8 has been previously described (Fane & Hayashi. 1991 ). The G4 am 

95 

( 8 JQ 18 and a.3 am( B JQ 18 mutants were generated by oligonucleotide mediated 

mutagenesis as described in Fane eta/.( 1993). Mutagenized DNA was transfected into 

BAF5 (sup£). Progeny were stabbed into two indicator lawns: C122 (sup o) and BAF5 

(sup E). Putative amber mutants were identified by the inability to propagate on the sup 0 

host. To construct the G4 am(B)Q/8/am(E}W4 double mutant. the am(E)W4 mutation 

was introduced in the am( B )Q /8 background. After transfection into BAF5 (sup E). 

mutagenized progeny were stabbed into three indicator lawns: BAF30 pG4B. BAF5 

(sup£). and Cl22(sup 0
). Putative double mutants were identified by the inability to 

propagate on BAF30 pG4B and C122 (sup 0
). In order to clone the a.3 B gene (see 

below). an a3 am( A) Sac UXba r mutant was generated by two rounds of site directed 

mutagenesis. Beginning with a.3 am(8)Ql8 DNA. the first round of mutagenesis 

concurrently eliminated the amber mutation and an internal Sac I site. The second round 
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of mutagenesis concurrently created an amber mutation in codon 449 of gene A and 

created an Xba l site immediately before gene B. The genotypes of all new strains were 

wrified by a DNA sP.quence analysis. 

Cloning the Microviridae 8 genes 

The G4 B gene was cloned into pSE420 by digesting both plasmid and RF (replicative 

form) DNA with Avr II and Pst I. The 0Xl74 B gene was subcloned out of a pBR322 

derivative (Hayashi & Hayashi. 1985) and into pSE420 using £coR land BamH l. The 

a.3 B gene was cloned by digesting a3 am( A) Sac r; Xba r· RF DNA and pSE420 DNA 

with Xba land Sac l. Standard conditions were used for digestion and ligation reactions 

( Sambrook eta!., 1985). Clones were verified by restriction digestion and the ability to 

complement am( 8) mutants. All clones are under lactose induction. 

Generation of RF DNA 

RF DNA was produced as described in Fujisawa & Hayashi ( 1976) with the following 

\"ariations that have been found to increase yields. 100 ml of cells were grown in TKG 

media ( 1.0% tryptone, 0.5% KCI. and 0.5% glycerol) to a concentration of 5 X 108 

cclls/ml and harvested by centrifugation. The pellet was washed twice with HFB buffer 

and resuspended in 10.0 ml of HFB with 10 mM MgCI/ 5.0 mM CaCl~. Phage were pre

absorbed (M.O.I. = 5) for 20 minutes at 3rC. At 0 min. the mixtures were poured into 

I 00 ml of TKG media, pre-warmed to 30oC. At 8.5 min. chloramphenicol was added to 

20!J.g/ml. At 90 min, the cells were harvested and washed with 15 ml of 10 mM Tris 

<pH=8) 1100 mM NaCI /1.0 nu.'vl EDTA. Timing of chloramphenicol treatment and 



temperature are critical for optimal yields. RF DNA was then extracted as described in 

Hayashi & Hayashi ( 1985). 

Isolation of G4 oXB-uti/izers 

To isolate G4 mutants that could productively utilize the 0Xl74 B protein during 

assembly (G4 oXB-wilizers), 1.0 X 108 pfu ofG4 am(BJQ/8 were plated on BAF30 

poXB and incubated at 33°C. Revertant plaques were stabbed into two indicator lawns: 

C 122 < sup 0
) and BAF 5 (sup£). Putative mutants were identified by the retention of the 

amber phenotype and B gene complementation dependent growth. The retention of the 

parental amber mutation was also verified by a direct sequence analysis. 
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Preparation of radioactive lysates and sucrose gradient sedimentation analyses. The 

generation of radioactive lysates and centrifugation conditions described in Ekechukwu er 

a/. ( 1995 ), except -' 5S methionine and cysteine were used to label. 
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Table 1. Percent Divergence Between the Microviridae 

Coat and Scaffolding Proteins 1 

Protein: a3/0X a3/G4 0X/G4 

B protein 70 68 44 

F protein 28 36 34 

'Taken from Kodaira er al. ( 1992). 
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Table 2. Plating and burst experiments 

Mutant 

oX am( B) 

G4 am( 8) 

a3 am( 8) 

E.O.P. 1 on BAF 30 with: 

poXB pG4B pa3B Cl22 

LO 1.5 

w·i 1.0 

0.7 0.9 

0.4 

0.6 

l.O 

Burst2 in BAF 30 with: 

poXB pG4B pa3B 

24.8 19.2 6.8 

0.09 150 93 

16.3 15.5 63 

1 Efficiency of plating. Assay titer I titer on BAF5 (sup£). 

:: Progeny virion I infected cell. 
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Table 3. Cross-complementation of G4 oXB-utilizer mutants 

Mutant 

G-+ am( BJ 

£1111( B )loXB-w-S 

umf B )loXB-ut-W 

Bursts in BAF 30 with: 

p0XB 

0.09 

58.6 

3.0 

pG48 

150 

136 

83.6 

pa.38 

93 

158 

3.4 

0.01 

0.06 

0.13 
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Figure legends 

Figure l. The oX 174 morphogenetic pathway. 

Figure 2. A) Sequence alignment of the oX 174, G4 and a3 B proteins. The oX 174 .G4 

and a3 sequences were taken from Sanger eta/. ( 1978), Godson eta/. ( 1978) and 

Kodaira eta/. ( 1992), respectively. Strictly conserved in all three proteins are marked by 

an asterisk. The plus ( +) symbol represents a conservative variation in the amino acid. 

Circles indicate those residues that have been shown to tolerate variation by mutational 

analyses in oX 174. Citations for each position are as follows, Fane & Hayashi ( 1991) for 

positions 18 and 20: Dalphin eta/. ( 1992) for positions 68 and 76: Bull eta/. ( 1997) for 

positions 64. 112. 114. 115: Weisbeek ( 1986) for positions 2. 68. 112. 113: W. D. Krill 

(personal communication) for position 89. B. A. Fane (unpublished results) for positions 

25 and 87. The capital letter .. S,. denotes amino acids which interact with the viral coat 

protein in the atomic structure of the oX174 procapsid (Dokland er al.. 1997. 1998). B) 

Local sequence alignment of the viral coat proteins in the regions of the 8-wiliz.er 

mutations. The amino acids altered by the 8-utiliz.er mutations are underlined. 

Figure 3. Characterization of the G4 amB and wt G4 morphogenetic pathways in the 

presence of the oX 174 B protein. Panel A: High molecular weight particles. Panel B: 

Low molecular weight particles. Symbols: ·::J: G4 amB infected cells harboring a clone of 

the G4 B gene. e: wt G4 infected cells harboring a clone the oX 174 B gene. 0: G4 amB 

infected cells harboring a clone of the oX 174 B gene. 
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Figure 4. Panel A: The 0X 174 viral coat and internal scaffolding protein. Panel B: The 

internal scaffolding protein binding cleft. The coat protein is depicted in blue. the internal 

scaffolding in orange. Figure courtesy of Dr. T. Dokland and Dr. M.G. Rossmann. 
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ABSTRACT 

Microviridae morphogenesis is dependent on two scaffolding proteins; an internal and 

external species. Both structural and genetic analyses suggest that the COOH terminus of 

the internal protein is critical for coat protein recognition and specificity (Burch et al .. 

1999: Dokland era/ .. 1997, 1999). To test this hypothesis, chimeric internal scaffolding 

genes between 1\1icroviridae members 0X 174, 04 and a3 were constructed and the 

proteins expressed in vivo. All of the chimeric proteins were functional in 

complementation assays. However, the efficient complementation was only observed 

when the viral coat protein and COOH-terminus of internal scaffolding were of the same 

origin. Genes with 5" deletions of the 0X 174 internal scaffolding gene were also 

constructed and expressed in vivo. Proteins lacking the first ten amino acids. which self

associate across the two-fold axes of symmetry in the atomic structure. efficiently 

complement 0X 174 am( B) mutants at temperatures above 24°C. These results suggest 

that internal scaffolding protein self-associations across the two-fold axes of symmetry 

are only required at lower temperatures. 



INTRODUCTION 

The proper assembly of proteins and nucleic acids into biologically active virions 

involves numerous and diverse macromolecular interactions. While structural proteins 

must correctly interact, proper morphogenesis is equally dependent on scaffolding 

proteins. which are transiently associated with nascent protein complexes during virion 

assembly I Casjens and Hendrix. 1988; Hayashi era! .. 1988, King er al., 1980). 
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,'v/ icrm·i ridae morphogenesis (Figure 1) is dependent on two scaffolding proteins: an 

internal and external species. proteins B and D. respectively. The first intermediates in 

the pathway are the 9S and 6S particles, respective pentamers of viral coat and spike 

proteins. In cells infected with temperature-sensitive internal scaffolding mutants. these 

particles accumulate at restrictive temperatures but can be chased into larger structures 

following temperature shifts (Ekechukwu and Fane, 1995). Five B proteins bind to the 

underside of a 9S particle. This probably triggers conformational changes on the particle's 

upper surface (Fane and Hayashi, 1991. Dokland eta!., 1997. 1999), allowing subsequent 

interactions with spike and external scaffolding proteins. and preventing the premature 

associations of 9S particles into 55-60S aggregates (Siden and Hayashi. 1974 ). 

The atomic structures of the internal scaffolding and coat proteins are depicted in Figure 

2. Density could only be ascribed to approximately one half, the COOH-terminus, of the 

internal scaffolding protein. The amino-terminus, which is mostly unordered. is not 
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depicted in the figure. The only region in the amino-terminus to which density could be 

ascribed consists of the first ten amino acids. This region of the protein appears to make 

scaffolding-scaffolding contacts across the two-fold axes of symmetry within the 

procapsid. The lack of ordered density within the amino-terminus of the protein suggests 

that the internal scaffolding protein may be inherently flexible. Genetic data support this 

hypothesis. The Microvirid.1e internal scaffolding proteins for 0X I 74. G4 and a3 can 

cross-function despite divergence as great as 70% in primary structure (Burch et al.. 

1999). There was one instance in which cross-complementation was not observed. The 

oX 174 protein is incapable of complementing 04 am( B) mutants. Morphogenesis is 

blocked before the first B-mediated step in the pathway. Two G4 (JXB-utiliz.er mutants 

that productively utilize the 0X 174 B protein have been isolated and characterized. Both 

confer substitutions in regions of the G4 coat protein that most likely contact the COOH 

half of the 8-protein. 

To further investigate the importance of the COOH-termini interactions, chimeric 

oX 174/04 B genes have been generated and assayed for their ability to direct 

morphogenesis. The results of these experiments support the hypothesis that the COOH 

terminus is primarily responsible for mediating coat protein recognition. This may be 

general property of internal scaffolding proteins. Similar results have been obtained both 

with Herpesviruses and P22 scaffolding proteins (Parker eta!., I 998: Preston eta!., 1997: 

Tum a era/ .. 1998 ). In addition, 0X 174 genes with s· deletions were also constructed. 

The first ten amino acids of the protein, which appear to mediate interactions across the 

two-fold axes of symmetry, is only required at lower temperatures. 
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RESULTS AND DISCUSSION 

The generation and characterization of chimeric 8 genes. 

The atomic structure of the internal scaffolding protein (Dokland eta! .. 1997, I 999) was 

used as a guide in determining the junction points within the chimeric genes (Figure 2). 

The most logical junction appeared to be between amino acids 60-70. This region of the 

protein contains no secondary structure, and bridges the structurally defined COOH 

terminus w·ith the less defined NH2-terminus density. The chimeric proteins were 

constructed as described in Materials and Methods. Figure 3 contains a restriction digest 

of the 0XG4 and G40X constructs. 

The chimeric genes were assayed for their ability to complement am( B) mutants of 

bacteriophage G4. a3 and 0X 174 (Table I). When the COOH-terminus of the chimeric 

scaffolding protein is from the same origin as the viral coat protein, complementation is 

efficient. For example. both the G40X and a30X chimeric genes efficiently complement 

the 0X I 74 am( B) mutant. On the other hand, complementation by the 0XG4 8 gene is 

down approximately one order of magnitude, and plaques have a pinprick morphology. A 

similar phenomena was observed with the 0XG48 gene. which only efficiently 

complements the G4 am( B) mutant. All three chimeric genes failed to efficiently 

complement the a3 amB mutant. 

Burch eta! .. ( 1999) demonstrated that wild-type internal scaffolding proteins of 0X 174, 

G4 and a3 were cross-functional. In this regard, the behavior of the chimeric proteins 
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differs from the wild-type proteins. For example. the G4 internal scaffolding protein 

efficiently complemented am( B) mutants of all three phage. However, the chimeric 0XG4 

protein fails to direct the assembly of the 0X 174 and a3 coat proteins. suggesting that the 

two termini do not function as totally separate and independent domains. Altering the 

contacts made by one end of the protein can affect those made by the other. 

Expression of the cloned chimeric genes appears to have no effect on wild-type plating 

efficiency or plaque size (data not shown). In cells infected with wild-type viruses, two 

species of scaffolding protein would be present, the indigenous and the chimeric species. 

Either the indigenous protein binds more effectively to viral coat proteins than the 

chimeric protein. or a complete complement of indigenous proteins is not required for the 

production of infectious virions. The characterization of the protein content of viral 

procapsids formed in the presence of two proteins should directly address these 

alternatives. 

The complementation behavior of the chimeric genes and the isolation of mutations that 

affect foreign scaffolding protein utilization (Burch et al .• I 999) suggest that the COOH

termini of the internal scaffolding proteins play a critical role in viral coat protein 

rccogni tion and specificity. This may be a general property of internal scaffolding 

proteins. Similar results have been obtained in studies with Herpesviruses and P22 

scaffolding proteins (Parker et al .. 1998; Tuma era!., 1998). The scaffolding proteins of 

YSZ and HSY-l can cross-complement. forming procapsid-like structures if the COOH

termini of these proteins are interchanged (Preston er al .. 1997). Baudet-Miller eta!. 
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( I 996) characterized small COOH-terminal domains in the HSV -1 and CMV scaffolding 

proteins which govern both capsid protein interactions and specificity. Studies with 

fragments of the P22 scaffolding protein demonstrate that the COOH-terminal half of the 

protein is both necessary and sufficient for icosahedral particle formation (Parker et a! .. 

I 998: Tuma eta!., 1998). The last ll residues of the protein are particularly critical for 

function. Similarly. in the atomic structure of the oX 174 procapsid, the last I 0 amino 

acids of the internal scaffolding protein mediate the majority of the close range 

interactions with the viral coat protein (Dokland eta!., 1997, 1999). 

The generation and characterization of fJXl74 8 genes with 5' deletions. Two oX 174 

B genes with 5' deletions were generated as described in Materials and Methods. The 

deleted genes were constructed using the atomic structure of the 0X 174 B protein as a 

guide. The ~ 112 gene contains only the last 60 codons. This region encodes the amino 

acids that appear as ordered density in the atomic structure. Although the majority of the 

0o"H~-terminus is unordered, density could be ascribed to the first 10 amino acids. These 

residues are located directly at the two-fold axis of symmetry and may be responsible for 

contacts across this axis. If this small region is critical in B-B contacts, it may be in the 

same location in each asymmetric unit, perhaps explaining why it is the only well ordered 

density seen in the amino half of the protein. The A l/10 gene lacks the codons that 

encode this region of the protein. Restriction digests of the plasmids containing the 5' 

deletion and full-length genes are depicted in Figure 3. 
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The deleted genes were assayed for their ability to complement a 0X 174 am( B) mutant 

and to inhibit wild-type 0X 174 morphogenesis. As can be seen in Table 2, the ~ l/2 gene 

\vas unable to complement at any temperature. The expression of the deleted proteins 

does not appear to inhibit wild-type 0X 174 morphogenesis. Either the full-length protein 

more effectively binds the viral coat protein. or a complete complement of full-length 

proteins is not required for morphogenesis. 

The .:.ll I I 0 gene was capable of complementing the 0X 174 am( B) mutant. However. 

complementation is temperature dependent. At 24°C. plating efficiency drops two orders 

of magnitude. Plating efficiency by the full-length gene is also reduced at this 

temperature. but only by a factor of four. This result suggests that B-B interactions across 

the two-fold axes of symmetry may only be required at lower temperatures. The external 

scaffolding protein. protein D. also makes contacts across the two and three-fold axes of 

symmetry. Previous genetic analyses suggest that the formation D-D contacts across the 

three-fold axes of symmetry may be somewhat cold-sensitive (Ekechukwu and Fane. 

1995). In addition. cold-sensitive substitutions at glutamic acid residues 102 and 112, 

which mediate the two-fold related contacts between D subunits. have been isolated 

<unpublished results). Therefore. the first 9 amino acids of the B protein may only be 

required at lower temperatures where external scaffolding protein interactions are 

somewhat inhibited. 



MATERIALS AND METHODS 

Plating assays, burst experiments, stock preparation, and DNA isolation. 

Reagents. media, buffers, and protocols are described in Fane & Hayashi ( 1991 ). 

Bacterial, phage strains, coning of the eXl74, G4 and a3 8 genes. 

The phage mutants, £. coli C strains, and the cloning of the B genes are described in 

Burch et al. (1999). 

Generation of chimeric genes. 

The chimeric B genes were constructed by placing a unique Sac I site within the clone 
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oX 174 sequence at the same location as the unique Sac l site in G4 sequence. The cloned 

genes \vere digested with Sac I and Nco I. The Nco I site is located upstream of the 

cloned gene in the MCS in pSE420. Fragment and vector purification and ligation 

protocols are described in Burch eta!., ( 1999). The a30X chimeric 8 gene was 

constructed by amplifying the 5' end of the cloned a.3 gene with a mutagenic primer 

designed to create a Sac I site at the 3' end of the fragment and a primer which annealed 

to the 5' end of the MCS. The fragment and cloned 0X 174 B gene were digested with Sac 

I and Nco I. and the digested a3 fragment was ligated to the cut vector. 

Generation of eX174 genes with 5' deletion. 

The 3' end of the 0Xl74 B gene was amplified using mutagenic primers designed to 

introduce Nco I sites, which contain ATG start codons, in the 5' end of the fragments and 
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a primer annealing to the 3' end of the MCS. Fragments were digested with Nco I and 

Xlw I . and cloned into pSE420 digested with the same enzymes. An Xlzo I site is found 

downstream from gene B. 
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Table 1: Complementation efficiency" of chimeric 8 genes 

BAF30 (recA)with 

\·irus p0XG4B 

oX 174 amB 0.1 

G4 amB 1.0 

a3 amB 10·2 

pG40XB 

l.O 

w·5 

l0-4 

· Assay titer/titer on BAF8 (supF) at 33°C. 

LO 

w-5 

0.2~ 

BAF8 

(sup F) 

LO 

LO 

l.O 

10-6 

w-s 

10-4 

' Complementation efficiency calculated at 42°C. At 33°C. the a30XB gene 

complements a3 amB mutant with an efficiency near 1.0. However. plaque size is very 

small. At 42°C. plaques have a pinprick morphology. 
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Table 2: Complementation efficiency· of 5' deleted B genes 

virus 

oX 17-t. amB 

oX174 wt 

BAF30 (recA)with: 

p0XB 

0.3 

0.4 

p~l/10 

l.O l0-2 l.O 

l.O 0.4 1.0 

- Assay titer/titer on BAF30 p0XB at 33°C. 

[ 17 

p~l/2 

w-6 

l.O l.O 



118 

FIGURE LEGENDS 

FIG 1: The Microviridae morphogenetic pathway. 

FIG 2: The atomic structure of the 0X 174 coat and internal scaffolding protein. The viral 

coat protein is depicted in black. the internal scaffolding protein in white. 

FIG. 3: Restriction digests of the chimeric genes and 5' deleted clones. The chimeric and 

wild-type genes were amplified. Fragments were then purified and digested with either 

Hpa I or MspA I. Genetic maps of the constructs are given in the figure. Clones of the s· 

deleted genes were digested with restriction enzymes that cut directly at the s· end of the 

gene. A1-r II or Nco I. and Xlw I. which cuts 112 nucleotides downstream from the end of 

the gene. The sizes of the restriction fragments are given within the figure. 
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Abstract 

An empty precursor particle called the procapsid is formed during assembly of the 

single-stranded DNA bacteriophage q,Xl74. Assembly of the q,Xl74 procapsid requires 

the presence of the two scaffolding proteins, D and 8, which are structural components of 

the procapsid, but are not found in the mature virion. The X-ray crystaJlographic 

structure of a ··closed" procapsid particle has been determined to 3.5 A resolution. This 

structure has an external scaffold made from 240 copies of protein D. 60 copies of the 

internally located B protein. and contains 60 copies of each of the viral structural proteins 

F and G. which comprise the shell and the fivefold spikes, respectively. The F capsid 

protein has a similar conformation to that seen in the mature virion, and differs from the 

previously determined 25 A resolution electron microscopic reconstruction of the "open .. 

procapsid. in which the F protein has a different conformation. The D scaffolding protein 

has a predominately a.-helical fold and displays remarkable conformational variability. 

The analysis of the X-ray structure and comparison with the previously determined cryo

electron microscopic image reconstruction of the open procapsid shows the major 

structural rearrangements that occur during assembly. A model is proposed in which the 

D proteins direct the assembly process by sequential binding and conformational 

switching. 
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Introduction 

During morphogenesis, many viruses employ scaffolding proteins which mediate 

the assembly of the structural components into mature and infectious particles. These 

proteins are transiently associated with nascent protein complexes during virion assembly 

(King eta/ .. 1980: Casjens & Hendrix, 1988: Kellenberger. 1990). In the absence of 

functional scaffolding proteins, erroneous and abortive assemblies often accumulate 

(Siden & Hayashi. 1974; Casjens & Hendrix. 1988). The assembly process is guided by 

conformational switches induced when a capsid protein binds to another protein. such as 

a scaffolding protein. These structural changes alter binding surfaces, causing the next 

assembly process to differ from the previous one in the pathway. The different 

conformational states provide the energy to drive the assembly process forward (Steven. 

1993 ). Conformational switching has been observed in the assembly of many icosahedral 

viruses. (King et al .. 1980; Rossmann & Johnson, 1989), tailed-bacteriophages 

(Kellenberger. 1976: King eta!., 1980: Dokland & Murial do, 1993: Prasad eta!.. 1993 ). 

bacterial flagella (Asakura. 1970; Oosawa era! .. 1994), microtubules (Bums & 

Symmons. 1995: Chretien et al .. 1995) and actin filaments (McGough, 1998). 

One of the most defined macromolecular assembly systems is bacteriophage <DX 174. 

The 280 A diameter icosahedral capsid contains the four proteins F. G. Hand J (Hallet 

a/ .. 1959: Sinsheimer, 1959: Burgess, 1969) (Table l ), enclosing a genome of positive 

sense. single-stranded (ss) DNA of 5,386 nucleotides (Sanger, 1978). Sixty copies of 

protein F form the main shell of the virus, while sixty copies of protein G comprise the 

protruding "spikes" on the icosahedral fivefold axes, giving the virion its characteristic 

shape (Burgess. 1969: McKenna era!., 1992). In addition. the virion contains sixty 

copies of the DNA-associated J protein and about twelve copies of the "pilot" protein H. 

Both the F and G proteins have the eight-stranded, antiparallell3-barrel motif common to 

many icosahedral plant and animal viruses (Rossmann & Johnson, 1989: Harrison et a! .. 

1996). The first step in $X 174 assembly is the formation ofF and G protein pentamers, 
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the 9S and 6S particles, respectively (Tonegawa & Hayashi. I 970). A precursor capsid, 

called the procapsid or lOSS particle, is formed in the presence of the two scaffolding 

proteins. 8 and D (Fujisawa & Hayashi, 1977a; Mukai et al.. 1979). In the procapsid. 

240 copies of the scaffolding protein D form an external shell, while 60 copies of protein 

B occupy an internal location (Mukai eta/., 1979: Ilag eta/., 1995: Dokland eta!.. 1997). 

DNA packaging is accompanied by the gain of the DNA-binding protein 1 (Aoyama et 

a/ .. 1981) and the loss of the B scaffolding protein (Fujisawa & Hayashi, l977b ), yielding 

the provirion. or l32S particle (Weisbeek & Sinsheimer. 1974: Fujisawa & Hayashi. 

l977b). Subsequent removal of the external scaffold yields the mature. infectious virion. 

Recently, we reported the structure of a scaffold-containing procapsid particle 

(Oakland era! .. 1997; Dokland er al.. 1998). Comparisons with the procapsid electron 

microscopic (EM) reconstruction (llag eta/., 1995) and the X-ray structure of the virion 

(McKenna er al.. 1992) suggested that this particle may have undergone maturation 

processes normally associated with DNA packaging and/or loss of the external 

scaffolding proteins during crystallization. The X-ray structure was termed the "closed 

proc<Jpsid" because the hol~s at the threefold axes, as seen in the EM reconstruction (the 

··open procapsid" ). were absent. The closed procapsid, however. retained a full 

complement of the two scaffolding proteins, B and D. Here. we revisit the G>X 174 

assembly pathway. and describe it in light of the three available structures: the EM 

reconstruction of the open procapsid (Ilag et al .• 1995). the X-ray structure of the closed 

procapsid (Oakland era/., 1997), the X-ray structure of the virion (McKenna eta/., 

1992 ). as well as genetic and biochemical data (Tonegawa & Hayashi, 1970; Ekechukwu 

& Fane. I 995: Burch et al .• 1999). 

Structure Determination 

The X-ray crystallographic structure of a ¢1X 174 procapsid was solved to 3.5 A 

resolution by molecular replacement using a model based on the previously determined 
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25 A resolution cryo-EM reconstruction (Ilag eta/.. 1995) as a starting point for the 

phase determination. The details of the structure determination have been described 

elsewhere (Dokland eta/., 1998). The final R-factor agreement between the observed 

structure factor amplitudes and those derived from the Fourier back-transformed 

averaged map was 18.4%, while the "crystallographic" R-factor between the observed 

stmcture factors and those calculated from the atomic model was 31.6%. This rather high 

crystallographic R-factor is consistent with the poor quality and incompleteness of the 

data in the higher resolution ranges. Nevertheless, due to the high non-crystallographic 

redundancy. the electron density map was readily interpretable. making it possible to 

build most of the amino acids of the D, F and G proteins, and part of the 8 protein. The 

model was partially refined using the program X-PLOR (Brunger, 1992) (Table 2). 

The Capsid Protein 

The F capsid protein of <DX 174 contains an eight-stranded. antiparallel (3-barrel with 

irs strands mnning roughly tangential to the shell surface. The p-barrel has two large 

insertions. the EF loop (residues 72-233) and the HI loop (residues 291-400) which make 

most of the contacts between adjacent subunits (McKenna et al., 1992; Dokland et al .. 

1997). similar to the situation in the single-stranded DNA parvoviruses (Tsao et al .. 

1991 ). The P-barrel and associated small insertions of the F protein in the closed 

procapsid have a similar structure (r.m.s.deviation of Ca' is 0.5 A) to that found in the 

virion (Fig. I) (Dokland et al.. 1997). However, parts of the two large insertion loops 

(residues 166-232. 295-325 and 330-378) form an "a-helical domain" with larger 

( r.m.s.deviation of 2.0 A) conformational changes. The p-barrel domain is shifted by a 

total of 3.9 A relative to the virion structure, resulting in a rotation of 5.3° of the a-helical 

domain relative to the P-barrel domain (Tables 3 and 4). The threefold and fivefold 

subunit interactions are retained, in spite of the overall movement of the protein. The 

greatest structural differences are found in residues 178 to 232 (r.m.s. deviation of 2.9 A 



between Ca atoms). Residues 1-9 and 422-426. close to the threefold axes, are 

disordered in the closed procapsid structure. 

The Spike Protein 
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The core structure of the G spike protein is an eight-stranded, amiparallel, [3-barrel 

whose strands run approximately perpendicular to the shell surface. Unlike protein F. the 

G protein has no large loops or other elaborations apart from 10 and 11 amino acid 

residue extensions found at the amino and carboxy termini. respectively (McKenna era! .. 

I 992). No significant conformational differences can be detected between the G proteins 

in the virion and in the closed procapsid at 3.5 A resolution. In the virion. the only 

contacts between the F and G proteins are five polar and five water mediated interactions 

per G monomer (McKenna era!.. 1994). In the closed procapsid, the [3-barrel domain of 

the F protein is situated 3.1 A further outwards. while the G protein spikes are 5.5 A 

further out (Table 4). Therefore. the distance between the pentameric spikes and the 

underlying capsid shell is greater in the procapsid than in the virion. The G pentarners 

are bound to the capsid only through a few contacts with the external 0 scaffolding 

proteins (Table 5) and possibly also through the disordered terminal residues of G. 

The External Scaffolding Protein 

The main difference in the electron density maps between the virion and 

procapsid is the presence of additional density in the procapsid map due the external D 

protein lattice. Each icosahedral asymmetric unit contains four copies (0 I through 04) 

of the external scaffolding protein (Figs. 2 and 3). The D protein has a predominantly a

helical fold and contains seven major helical stretches (helices al-a7: Fig.4). 

interspersed by short loop regions (loops l-6). one of which (loop 5) also includes some 

P structure. The four copies of protein D per icosahedral asymmetric unit have different 

environments and. therefore. can be expected to have somewhat different conformations. 



Such differences would be minimized if the subunits were placed in quasi-equivalent 

positions (Caspar & Klug. 1962; Caspar, 1980). but this is not the case in the c!>X 174 

procapsid. The environments of the four 0 subunits are completely different. 
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The 0 1 and 03 subunits have almost identical conformations, while both 02 and 

04 differ from this structural motif: 04 is the most structurally unique of the four 

subunits (Fig. 5). There is a structurally conserved core of about 50% of the sequence, 

corresponding to residues 27-60, 73-98 and 116-128 among which there is a less than 2.5 

A r.m.s. divergence between superimposed Ca atoms for any pair of 0 subunits (Table 

3 ). The four subunits exist as two asymmetric dirners. where 0 1 and D2 form the first 

dimer, and D3 and 04 the second dimer. There is an -51 a rotation between the two 

subunits within each dimer. The two asymmetric dimers can be superimposed on each 

other with a r.m.s. deviation between Ca atoms of less than 2.5 A for 67% of the 

residues. The contacts between the monomers within dimers are very similar (Table 5). 

The amino terminal 23 residues of the D protein form the amphipathic helix 1, 

which in D 1 and D2 is exposed to the exterior of the particle (Table 6). In 03 and 04. 

this helix points towards the F protein. In 04, it is bent at Gln22 by -100° relative to its 

orientation in D 1. D2 and 03. There are two cold-sensitive mutations in this helix. 

Gin I 2---7 Trp and Gln22---7 Tyr that confer a "fragile procapsid" phenotype. in which the 

procapsid disintegrates during DNA packaging (Fane eta!., 1993; Ekechukwu & Fane, 

1995). The effects of these mutations can be suppressed by a number of amino acid 

substitutions clustered in helices a.4, a.5 and a.8 of the F protein. The suppressor 

mutations within helix 5 of the F protein are at contact points across twofold axes. 

suggesting that strengthening contacts between pentamers can compensate for weakened 

scaffolding-capsid interactions. The mutations within helices 4 and 8 of the F protein and 

the closed procapsid structure may indicate that there is an interaction between the F 

protein and helix I of the 03 or 04 subunit at some time during assembly (see below). 
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Residues 47-66 of the 0 protein form helix 3, the first part of which is rich in 

arginine residues. Although the first 13 amino acids of this helix belong to the 

structurally-conserved core, there is a striking conformational difference between 

subunits in the second part of this helix. continuing into loop 3. In 0 l and 03. helix 3 is 

bent by -82° at Gly61 and loop 3 makes contact between the two monomers within each 

asymmetric dimer (Fig. 4 ). In 02 and 04, this helix is straight and loop 3 is in a different 

conformation. This may prevent further binding of 0 proteins via the same interaction to 

form a helical oligomer. Loop 3 is also unusually rich in prolines which along with 

Gly61 may be responsible for the flexibility and hinge movement observed in this loop. 

This could facilitate the large structural changes in the loop. presumably induced on 

formation of a dimer. Helix 3 is also involved in contacts between twofold-related 03 

subunits through residue Arg 52 in one subunit with Glu 56 and Asp 64 in the other 

subunit. 

Loop 5 and helix 6 of subunit 0 I make the few contacts that exist between the 

scaffold and spike proteins (Table 5). This tentative connection is all that appears to hold 

the spikes to the underlying capsid shell in the procapsid. Helix 4 is hydrophobic and is 

almost completely buried (Table 6). Helix 4, loop 4. helix 5 and helix 6 are all in the 

stmcturally-conserved core of the 0 subunit and make many contacts within the scaffold. 

both \vithin and between dimers (Table 5; Fig. 6). 

Loop 5 forms a hairpin tum and is structurally polymorphic among the four 

subunits. This loop forms either an a.-helix, a 13-strand. or a loop structure. In 01 and 

03. loop 5 forms a small helix (a.5') near its tip, which is absent in 02 and 04 where it 

forms an anti parallel 13-ribbon. The major role of loop 5 appears to be the formation of 

contacts across the twofold axis. This function is carried out almost exclusively by two 

tv.:ofold-related 03 subunits in which loop 5 has a unique conformation (Fig. 4). In spite 

of its role in 03, the loop is partly disordered in that subunit. Like the kink in a.3, loop 5 



presumably acts as a conformational switch during assembly, allowing these twofold 

contacts to form only after the formation and assembly of the asymmetric dimer. 
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The carboxy terminus of the 0 protein (residues 130-152) contains many charged 

residues and is highly variable in conformation. In 0 I, 02 and 03, it is exposed to the 

sci vent and is either completely or partly disordered (Fig. 4). It does not make any 

contacts. except in the 04 subunit, where it is ordered all the way to residue 152. forming 

a long. straight helix. This helix is responsible for the predominant interactions between 

the external scaffold and the capsid protein. The direction of helix a7 in 04 is -61 o 

relative to the direction of the partly disordered amino-terminal arm in 0 1. 

Most of the contacts made between the D scaffolding proteins are within the same 

geometric asymmetric unit (Fig. 7). There are relatively few contacts generated by the 

icosahedral twofold axes (Table 5). although these are primarily responsible for 

connecting adjacent pentameric shell units. These contacts may be the primary function 

of the D scaffolding protein as the EM image of the open procapsid shows little contact 

across the twofold axes for the F protein. Without the D protein twofold contacts. seen in 

both the EM reconstruction of the open procapsid and in the X-ray structure of the closed 

procapsid. the procapsid would most likely be unstable. The possibility that the 0 

proteins may be the primary agents for forming an icosahedral capsid is supported by the 

formation of 20S particles which are hollow self-assembled spheres in solutions 

containing a high concentration of 0 protein (Farber, 1976). 

The Internal Scaffolding Protein 

The amino-terminal residues (l to 8) and carboxy-terminal residues (61 to 120) of 

the B scaffolding protein have been identified in the closed procapsid electron density 

map. The previously reported structure (Dokland eta/., 1997) reported only residues Ito 

8 and SO to 120. Absence of ordered density for residues 9 to 60 might imply a flexible 

character for the central section of the B protein. or the B protein might be cleaved in an 
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auto-catalytic process required in the assembly pathway (Hayashi eta/., 1980; R. Bernal, 

T. Dokland and M.G. Rossmann, unpublished results). The B protein makes extensive 

hydrophobic contacts with the ~ barrel on the internal surface of the F protein. The 

carboxy-terminal residues bind to the inside of the capsid protein at essentially the same 

site as the DNA binding protein J in the mature virion (Fig. 8). Since the B protein is 

extruded from the procapsid during DNA packaging, elimination of the B protein must be 

due to its competition by the J protein and the negatively charged DNA for the binding 

s1te on F. 

Although the structures of the B and J proteins are rather different. their 

interactions with the F protein are very similar (Table 7, Fig. 8). Residues 117. t 19. and 

120 of B are equivalent to residues 35, 36. and 37 of the J Protein. There is a 

hydrophobic pocket on the internal surface of the F protein consisting of Phe 67 in strand 

E of the !3-barrel as well as Tyr 134 and Phe 135 in helix a2 of the F protein which binds 

Phe 120 of B or Phe 37 of J. There are negative charges on Glu 98, Asp l05. Glu Ill. 

and Asp I 13 of the B protein that interact with Lys 166, Arg 239, and Arg 274 on the F 

protein. but there are no equivalent interactions between the J and F proteins (Table 7). 

Presumably. the negative charge on the DNA associated with the J protein, helps to 

displace the B protein. There is also equivalence in the formation of hydrogen bonds 

between the B and F proteins and between the J and F proteins. Similar interactions were 

also observed for the B protein in the structure of the degraded procapsid of the related 

,·irus. bacteriophage G4 (McKenna et al .. 1996: and unpublished results). Genetic 

analyses underscore the importance of the interactions within the carboxy terminal region 

of the B protein (Burch et.al., 1999). If the B protein of bacteriophage G4 is replaced by 

the B protein of <;>X 174, infectious particles are formed only when the F protein of G4 has 

a mutation ( Serl40~Phe) in the region where it is in contact with the B protein. The 

results of genetic analyses also suggest that B protein binding to the internal surface of 

the F protein induces conformational changes on the external surface. A cold-sensitive 
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mutation in ct>X 174 (Gln20~Ser) blocks the association of9S and 6S particles at non

permissive temperatures. This phenotype can be suppressed by a number of mutations on 

the external surface of the F protein. The absence of this B protein mediated 

conformational switch can also lead to the premature association of 9S particles which 

self-assemble into irregular 55 to 65S structures (Siden & Hayashi. 1974). 

The function of the B protein might be to alter the 9S pentameric intermediate to 

an assembly competent unit (Siden & Hayashi. 1974; Fane & Hayashi. 1991: Ekechukwu 

& Fane. 1995: Burch eta/., 1999). The cryo-EM image reconstruction (Ilag eta/.. 1995) 

and X-ray structure suggest that B proteins participate in dimer formation. consistent with 

the need for B in assembling 9S pentamers into icosahedral procapsids. Thus. B and D 

might have similar internal and external tethering functions in bridging twofold related 

capsid protein pentamers. 

The H Pilot Protein 

There is extensive protein-like density inside the capsid in the vicinity of the 

fivefold axes. This density is at about 1/4 ofthe maximum level of the F and G proteins. 

It is likely that this density represents the H protein, which acts as the '"pilot protein .. that 

is ejected through a fivefold spike together with the DNA upon infection (Jazwinski et 

a! .. 1975: Yazaki. 1981 ). The association of this density with the H protein is consistent 

with the cryo-EM reconstructions of the procapsid (Ilag et al .. 1995) and virion (Olson et 

a! .. 1992). as well as with biochemical data, which associates one H protein with each 

pentameric spike (Shank et al., 1977). The H protein density would be an average of five 

different orientations. on account of the icosahedral averaging of the map. 

Comparison Between EM and X-ray Structures 

The observed similarity between the capsid protein in the X-ray structures of the 

virion and procapsid was surprising. since the corresponding EM structures had displayed 
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major differences in the F protein shell (Ilag er al .• 1995). [n the EM reconstruction of 

the procapsid. the F protein ~-barrel domain appeared to be rotated by - 7r with respect 

to the virion. In addition. the two major insertion loops seemed to be in radically 

different conformations which accounted for the large hole at the threefold axes of the 

procapsid where three helices formed a protruding knob in the virion. If the EM structure 

represents the true procapsid intermediate, then the similarity between the two X-ray 

structures is due to a spontaneous conformational change of the metastable procapsid. 

Such spontaneous maturation is commonly seen in viral procapsids (Dokland & 

Murialdo. 1993: Prasad er aL. 1993: Zhou eta!., 1998), and may be induced by high salt. 

as in the procapsid crystallization conditions, chaotropic agents like urea. or even 

prolonged storage. A similar situation occurred for bacteriophage G4. a virus 

homologous to <!>X 174. where the crystallization had induced both conformational change 

in the capsid protein and loss of the external scaffold. resulting in a structure similar to 

that of the mature virion. albeit devoid of DNA (McKenna eta!.. 1996). 

On the other hand. the previous model building into the EM electron density 

suffered from a number of inaccuracies. One problem was the lack of any structural 

information on the D protein. and the false conclusion that there were only 120 copies of 

this protein in the procapsid. Furthermore, due to the low (25 A) resolution of the EM 

reconstruction, the wrong hand was chosen for the EM structure, resulting in an incorrect 

fit for the F protein into the shell region density. Nevertheless. the locations of the two 

scaffolding proteins 8 and D were correctly identified. 

With the current knowledge of the structure and stoichiometry of the D protein. as 

well as the absolute hand of the map, a revised model has been built into the EM 

reconstruction of the open procapsid. The assumption was made that the ~-barrel domain 

would move only minimally, while parts of the loops could be allowed extensive 

movement and conformational change. The G and D proteins from the closed procapsid 

X-ray stntcture could readily be brought into the open procapsid EM density by simple 
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shifts of 6.2 A and 5.6 A. respectively, in a predominantly outwards radial direction. 

There is. thus, a continuum of radial adjustment of these proteins from the open procapsid 

through the closed procapsid to the virion, represented by a shrinking or collapse of the 

capsid surrounding the DNA (Table 4). However, when a similar radial shift is applied to 

the F protein. major portions of the protein are outside the density. The most striking 

difference between the open and closed forms of the procapsid occurs at the two- and 

threefold axes. the site of extensive interactions between adjacent protein F pentamers in 

the virion and in the closed procapsid. The open procapsid has a 30 A diameter hole at 

the threefold axes (Fig. 9). The residues that fall outside the density include residues 

175-231 representing part of the a-helical domain. The small conformational difference 

in the virion and the closed procapsid, represented by a small angular change between the 

(3-barrel and a-helical domains could be a relic of a larger difference found at an earlier 

stage of assembly. The Band 1 binding surface excludes the region 175-231 which must 

undergo the major conformational changes during or after DNA packaging. 

oX 174 Assemblv Pathwav 

The first detectable intermediates in the <DX 174 assembly pathway are the 9S and 

6S pentameric particles (Tonegawa & Hayashi, 1970) of the capsid and spike proteins. 

respectively. These particles are seen transiently in wild-type infected cells. In cells 

infected with temperature-sensitive or cold sensitive mutants of the internal scaffolding 

protein. 9S and 6S particles accumulate at restrictive temperatures. These particles can 

be chased into larger structures following a temperature shift (Siden & Hayashi. 1974: 

Ekechukwu & Fane, 1995). In the absence of D proteins. at least three structurally 

distinct l2S particles have been isolated (Tonegawa & Hayashi, 1970: Hayashi eta! .. 

1988: Fane & Hayashi. 1991; Ekechukwu & Fane, 1995). All three contain the F and G 

proteins. but differ in the incorporation of the Hand B proteins. as well as their ability to 

be assembled into larger particles. Some of these 12S particles exhibit the biochemical 



properties traditionally associated with morphogenetic intermediates: the ability to be 

chased into large particles in temperature shift experiments. However. it is not clear 

whether these particles represents a true intermediate or the product of an off-pathway 

reaction (Hayashi et al., 1988). 
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With the available structural. genetic and biochemical data, it is difficult to 

visualize how the l2S particle could be a true intermediate in the assembly of the open 

procapsid. We. therefore, speculate that there is an intermediate similar to the 12S 

particle. but also containing 20 0 proteins. Such a panicle would readily lose the 0 

proteins, degenerating into a l2S-like particle, thus explaining why this postulated 

intermediate has never been isolaced. The existence of the same dimeric subassembly 

units D l :02 and 03:04 in two completely different environments implies that the dimer 

may be a basic requirement for the assembly of this intermediate. The open procapsid is 

then assembled from this postulated intermediate. After DNA packaging and 8 protein 

extrusion in vivo. pore closure at the threefold axes would trigger the release of the F 

protein from the now existing D protein lattice. The F protein then collapses into a shell 

at a smaller radius, leaving a gap between the D protein lattice and the newly formed 

capsid. as observed in the closed procapsid. 

The principal contacts between the 6S pentameric G proteins and the D 

scaffolding proteins involve helix 7 of D l. Second-site genetic analyses, however. 

suggest additional contacts that are not seen in the closed procapsid structure. A fragile 

procapsid phenotype exhibited by two ctJX 174 mutants has amino acid substitutions in 

helix I of the D scaffolding protein (Glnl2~Trp and Gln2l~Tyr). During DNA 

packaging. procapsids of these mutants dissociate into l2S-like particles which have lost 

the ability to be chased into larger structures (Ekechukwu & Fane. 1995). These effects 

can be surpressed by mutations in helix 4 of the F capsid protein. To create an opening at 

the threefold axes of symmetry, helix 4 of the F protein must be situated close to the 

threefold and twofold axes of the open procapsid, which would also place it close to helix 
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l of the 04 subunit. Such a structure is consistent with the above described model 

building into the cryo-EM density (Fig.9) and the vestigial displacement of the F protein 

helical domain between the closed procapsid and mature virion. Experiments with a 

chimeric D protein (Burch and Fane, unpublished) between e~>X 174 and the related phage 

a!pha3 also suggest that there is an interaction between helix 1 of the 04 subunit and the 

capsid protein during morphogenesis. The amino acids constituting helix l of the D 

proteins exhibit many differences between the two phages. while the rest of the amino 

acid sequence is far more conserved. Helix l of the chimeric protein is from e~>X 174, the 

remaining sequence is derived from alpha3. Expression of the protein inhibits c~>X 174 

morphogenesis. but has no affect on alpha3 assembly. 

The last stage of morphogenesis involves the concurrent synthesis and packaging 

of single-stranded ( +) viral genome. A pre-initiation complex consisting of the viral 

proteins A and C. replicative form DNA. and the host cell rep protein associates with the 

,·ira! procapsid. forming the 50S complex (Mukai et al., 1979; Ekechukwu er al .. 1995). 

:Vlutant host rep proteins which specifically block this association have been isolated and 

characterized (Tessman and Peterson, 1976; (Ekechukwu et al .. 1995). Mutations within 

the oX 174 capsid protein restore the ability of the procapsid to associate with the pre

initiation complex. These mutations are in a depression within the protein which skirts 

the twofold axis of symmetry. This depression is still exposed in the structure of the 

closed procapsid and may delineate the binding site of the pre-initiation complex. 

Genome biosynthesis and packaging ensues dislodging the internal scaffolding protein. 

yielding the l32S provirion (Fujisawa and Hayashi, 1976). The external scaffolding 

protein then dissociates from the 132S provirion, completing the maturation process 

( Fujisawa and Hayashi, 1977). 

Methods 
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The methods used for purification, crystallization, X-ray crystallographic 

structure determination, and electron microscopy were described by Dokland et al., 1997 

and 1998. However, the original warm X-ray diffraction data plus some additional data 

\vere re-processed using the DENZO program (Otwinowski and Minor 1997) and scaled 

with the SNP program (Bolotovski er al., 1998)(Table 8). Partial reflections greater than 

0.3 were converted to their full equivalent and used for averaging. The data contained 30 

crystals with a total of 65 frames. The oscillation angles were chosen as 0.20°. 0.25°. or 

0.30°. Cell dimensions associated with each crystal were post-refined as independent 

parameters and then averaged to 771.7 A± 2.9 A. The previously determined phases 

( Dokland 1998) were used to 3.5 A resolution in the first cycle of electron density 

averaging using the program ENVelope (Rossmann er al., 1992). Previously unobserved 

reflections were phased with calculated phases from the averaged map. Subsequently. 

scaled Fcak amplitudes were used for unobserved reflections in map calculations. A total 

of 10 averaging cycles were performed. The orientation and position of the two 

independent particles was checked using the "climb" procedure (Muckelbauer. 1995) in 

which the differences between the NCS related densities is minimized. The particle in 

position ( -0.005, -0.005. -0.005) moved by 0.03°, but no other changes were detected. 

The final correlation coefficients are compared to earlier results in table 9. The new data 

gives better overall results, particularly in the range of9.7 to 4.0 A. 

The earlier model (Dokland 1997 and 1998) was rebuilt in accordance with the 

new map. A few sections in the D and F proteins required major alterations. 

Furthermore, electron density corresponding to residues 61 to 79 of the B protein were 

now visible and could be rebuilt. 
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The new model was refined by conjugate gradient minimization using the 

program XPLOR (version 3.851, Briigner 1992), using the same procedure as described 

by Dokland. eta!. ( 1998). The initial R-factor was 31.6%. After 80 cycles of Powell 

minimization including the electrostatic potential terms , the R-factor had dropped to 

28.09c with reasonable geometry (Table 2). No Rrree was calculated as the high NCS 

cause Rr,~c and Rworkmg to be almost identical (Hadfield et al.. L 997). Finally, the 

independent but restrained isotropic temperature factors were refined in 20 cycles causing 

R to drop to 27.3%. 
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Fi!.!ure Captions 

Figure I Stereo representation of the helical domain of the Ca backbone of the F 

protein in the procapsid structure (red) superimposed on the F protein in the 

virion (blue). The common 13-barrel domain is colored green. Symmetry axes 

are those in the virion. 

Figure 2 Surface representation calculated from the coordinates at 10 A resolution of 

the closed procapsid (left) and virion (right) structures. The asymmetric 

triangle is indicated on both structures. The different proteins subunits in the 

icosahedral asymmetric unit and the neighboring subunits are labeled F. G. 

01. 02, 03 and 04. Subscripts indicate subunits in neighboring subunits. 

Figure 3 Superposition of virion structure onto procapsid EM density at 6.5 A 

resolution. 

Figure 4 Sequence and structural elements of the 0 proteins. The secondary structure 

elements are indicated as spirals (a helix) and zigzag lines (13 sheet). Loop 

regions are shown as dotted lines. The asterisks (*) indicate the kink in helix 

3 of the 0 1 and 03 subunits. The boxed parts of the sequence denote the 

structurally conserved core regions of 75 residues (r.m.s. deviation <2.5 A). 

Residues 103-114 of loop 5 in the 04 subunit are poorly ordered and could 

not be built with confidence. A few N-terminal residues. as well as part of the 

C-terminus in some subunits (most notably 02) were not seen in the map and 

are left blank in the alignment. Mutations in residues Gin 12~ Trp and 

Gln22~ Tyr (boxed) cause a "fragile procapsid .. phenotype (Ekechukwu & 

Fane, 1995). Residues that make contact with other subunits are shown here 

and summarized in Table 5. 

Figure 5 Superposition of theCa backbone of Dl (green) onto (a) 02 (yellow) and 

onto (b) 04 (blue). 
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Figure 6 Ribbon representation of the closed procapsid proteins contained within two 

twofold-related asymmetric units. The interior of the particle is at the bottom. 

while the exterior is at the top of the page. Color code: D I, green; 02, yellow, 

03. red; 04, blue; F, purple; G, pink; B, orange. 

Figure 7 .. Roadmap" plot of the surface residues of the F protein. showing the residues 

that make contact with the four copies of protein D ( D I. green; 02. yellow, 

03, red; 04. blue). 

Figure 8 Stereo diagram showing the residues that make contacts between protein F 

(purple) and the carboxy-terminal part of protein B (orange). In green is 

shown the carboxy-terminal part of the DNA-binding protein 1 from the virion 

structure. after shifting it by the same amount that the 13-barrel in the virion is 

shifted relative to that in the procapsid. Note the almost perfect overlap 

between proteins B and 1 in the part nearest protein F. suggesting a 

competition between the same binding site. 

Figure 9 Light and dark blue contours represent two density levels in the 25 A 

resolution EM structure. View down the threefold axis showing a 

superposition of the F protein in the closed procapsid onto the EM density of 

the open procapsid. What is a big hole on the threefold axis in the EM 

reconstruction is covered by helix 4 in the closed procapsid X-ray structure. 
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ABSTRACT 

Viral assembly is an ideal system in which to investigate the transient recognition and 

interplay between proteins. During morphogenesis, scaffolding proteins temporarily 

associate with structural proteins, stimulating conformational changes that promote 

assembly and inhibit off-pathway reactions. Microviridae morphogenesis is dependent 

upon two scaffolding proteins, an internal and an external species. The external 

scaffolding protein is the most conserved protein within the Microviridae , whose 

canonical member's are oX 174. G4 and a3. However. despite 70% homology on the 

amino acid level, over-expression of a foreign Microviridae external scaffolding protein 

is a potent cross-species inhibitor of morphogenesis. Mutants that are resistant to the 

expression of a foreign scaffolding protein cannot be obtained via one mutational step. 

To define the requirements for, and constraints on scaffolding protein interactions. 

chimeric external scaffolding proteins have been constructed and analyzed for effects on 

in 1·im assembly. The results of these experiments suggest that at least two cross-species 

inhibitory domains exist within these proteins, one domain most likely blocks procapsid 

formation, the other domain allows procapsid assembly but blocks DNA packaging. A 

mutant resistant to the expression of a chimeric protein (chidR) that inhibits DNA 

packaging was isolated. The mutation maps to gene A. which encodes a protein essential 

for packaging. The chidR mutation only confers resistance to a chimeric D protein. The 

mutant is still inhibited by the expression of foreign D proteins. The results presented 

here demonstrate how closely related proteins could be developed into antiviral agents 

that specifically target virion morphogenesis. 
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INTRODUCTION 

The proper assembly of viral proteins and nucleic acids into a biologically active virion 

involves numerous and diverse macromolecular interactions. While structural proteins 

must correctly interact with other structural proteins, proper morphogenesis is equally 

dependent upon interactions between structural and scaffolding proteins. Viral 

scaffolding proteins are transiently associated with morphogenetic intermediates but are 

not found in the mature viral particle ( 10, 12, 17, 22). These proteins promote the 

efficiency and fidelity of particle formation by ensuring proper interactions between viral 

proteins. promoting the nucleation of assembly, and aiding in the formation of a precisely 

-;ized capsid ( 13, 16, 19). In the Microviridae, assembly is dependent upon two 

scaffolding proteins, an internal and external species. The assembly pathway has been 

extensively characterized (8). and both the atomic structures of the 0X 174 virion and a 

morphogenetic intermediate containing a full complement of scaffolding proteins have 

been solved (2. 3. 14. 15). Therefore, the results of genetic and biochemical analyses can 

be interpreted within a structural context. 

The Micro~·iridae assembly pathway is illustrated in Figure l. The first detectable 

morphogenetic intermediates are the 9S and 6S particles, respective pentamers of the 

viral coat and spike proteins. In a reaction mediated by the internal scaffolding (or B) 

protein. these intermediates associate, forming the l2S particle. Twelve l2S particles are 

then organized into the procapsid by 240 copies of the external scaffolding (or D) protein. 

The pre-initiation complex. consisting of one copy of viral proteins A and C~ replicative 

form DNA. and the host cell rep protein, associates with the procapsid. probably along a 
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two-fold axis of symmetry (5}, forming the 50S complex. Single-stranded genomic DNA 

is then concurrently synthesized and packaged. The internal scaffolding protein is 

extruded during this reaction, yielding the infectious provirion, which may represent the 

end of the intracellular assembly pathway. The external scaffolding protein may 

dissociate upon cell lysis. External scaffolding proteins are not unique to the 

Jiicrm·iridae. The coliphage P4 sid protein and the triplex proteins of the Herpesviridae 

perform analogous functions ( 13, 23). Although the Microviridae morphogenetic 

pathway has been well characterized, the mechanism in which viral scaffolding proteins 

enable nascent intermediates to reach a biologically active form remains somewhat 

obscure. Here we report that the expression of closely related external scaffolding 

proteins inhibits morphogenesis. Using chimeric proteins we have defined the existence 

of two inhibitory domains. These results have implications on the use of closely related 

proteins in the development of antiviral analogs specific to viral morphogenesis. 

MATERIALS AND METHODS 

Phage plating, media, burst experiments, stock preparation, generation of RF DNA, 

generation of radioactive lysates, and DNA isolation. The reagents, media. buffers. and 

protocols for burst experiments and single-stranded DNA isolation have been previously 

described (6). as has the generation and isolation of RF DNA ( l ). The protocols for 

producing radioactive lysates and subsequent sucrose gradient sedimentation analyses are 

the same as those previously described with the exception that 35S methionine and ·~s 

cysteine were used to label viral proteins (5). 



Bacterial Strains. The E. coli C strains C 122 (sup 0
), BAF5 (sup E), and BAF30 recA 

have been previously described ( 1 ,6). The C900 slyD host. used for the generation of 

radioactive Jysates, was obtained from Dr. R. Young at Texas A & M University. The 

slyD mutation confers resistance to oXl74 E-protein-mediated lysis ( 18). 
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Phage mutants. The protocol used for oligonucleotide mediated mutagenesis has been 

previously described (7). To generate the oX 174 NlzeiJPvul strain. oX 174 am( D )Q22 

DNA {7) was annealed to a mutagenic primer designed to concurrently eliminate the 

amber mutation and add the Nhel restriction site. The mutant was selected for by the loss 

of the amber phenotype by transfection into C 122 (sup 0
). The Nhel restriction site is 

located just after the region of the gene encoding the first a-helix in the atomic stmcture 

of the D protein (2.3 ). oX 174 Nhel DNA was mutagenized to introduce am( 1)57 

mutation. which has been previously described (9). The Pvul site \Vas then introduced 

with a mutagenic primer designed to concurrently eliminate the amber mutation and add 

the Pvul restriction site. Again, selection against the amber phenotype was employed. 

The Pml site served as a marker for the identification o~ the chimeric genes (see below). 

The am(EJW4 mutation was then introduced as previously described (4). Similar 

methods were used to generate the a3 Nlzel, a3 Nhe1Jam(E)W4, a3am(J)S7, and 

a3am( D )Q20 mutants. The Pvul and Nhel restriction sites do not alter the amino acid 

sequences of the oX 174 or a3 D and J proteins. 
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Due to the high reversion frequencies of the am( D) mutations. double am( D) mutants and 

frameshift mutants were also generated. A second amber mutation was introduced into 

oX 174 am( D)Q22 DNA at codon 18. Cells carrying a clone of the 0X 174 D gene were 

tranfected. The double amber mutant was distinguished from the parental single amber 

mutant by its inability to propagate in BAFS (sup£). which is unable to support the 

gro\vth of the double amber mutant. A frameshift mutation within the a..3 D gene was 

generated cutting a3 Nlzel RF DNA with Nhel. filling in the overhangs followed by blunt 

end ligation using standard protocols (20). Cells harboring a clone of the a3 D gene were 

transfected. and the mutant was identified by complementation dependent phenotype. All 

mutations were verified by a direct sequence analysis. 0X 174 chiDR mutants that had 

gained the ability to propagate in the presence of the chimeric 0XIa3 D protein were 

selected by plating I 0 8 wild-type phage on cells harboring a clone of the chimeric 0X/a3 

D gene (see below}. 

Cloning of the 0X174 and a3 DJ, 0X and a3 J, and both chimeric D genes. 

Single stranded DNA from both 0Xl74 NheUPvul am(E}W4 and a..3 Nlzel/Pvu I 

am( E) W4 mutants served as the template for PCR amplification of the D and 1 genes. 

The OJ fragments were cloned directly into the TOPO T A vector (Invitrogen) and then 

subcloned into the pSE420 (Invitrogen) expression vector. The cloned genes are under 

lactose induction. The a..3 J gene was cloned into pSE420 by digesting a3 RF DNA \vith 

HinP I and Bspl20 I. and plasmid DNA with BstB I and Not L All clones were verified 

by complementation experiments and RF digests. The clone of the 0X 174 1 gene has 

been previously described (9). 
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To construct the chimeric D genes. plasmid DNA from the a3 and 0X 174 DJ clones was 

digested with Nhel and Bsp 120 I, yielding fragments encoding a-helices 2-7 of gene D 

and the entire J gene. Following ligation and transformation. putative chimeric clones 

were identified by the ability to complement an am(J) mutant under low induction. and 

verified by restriction enzyme digestion with EcoRV and Pvu I. The chimeric D genes 

were also verified by direct DNA sequence analysis. 
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REsULTS 

Cross-functional and cross-species inhibition analysis of the external scaffolding 

proteins. To determine whether the 0X 174 and a3 external scaffolding proteins were 

capable of cross-complementation, nul/D mutants were plated on cell lines harboring 

clones of the 0X 174 or a.3 D and 1 genes (Table l ). All cloned genes are under lactose 

induction. Despite 70% identity in amino acid sequence of the proteins, no cross

complementation was observed. Both null D mutants plated with efficiencies at least one 

order of magnitude below the reversion frequencies of the nul/D mutations. as assayed on 

the C 122 (sup 0
) host. The failure to recover revertants suggested that the expression of 

the foreign proteins might confer cross-species inhibition. To determine if the expression 

of the foreign external scaffolding protein or DNA binding protein was affecting wild

type morphogenesis. wild-type 0X 174 and a3 were plated on OJ plasmid containing 

hosts. and hosts harboring a clone of only the J genes. Expression of the J proteins failed 

to cross-inhibit either species of wild-type, indicating that cross-inhibition was due to the 

o\·er expression of the scaffolding proteins. 

Inhibition was very dependent on cell growth phase and induction conditions: therefore 

ranges are reported. Low induction conditions were defined as the condition needed to 

obtain E.O.P. (efficiency of plating) values of 1.0 in complementation experiments. For 

example. the cloned 0X 174 D gene will complement the 0X 174 nul/D mutant at an 

isopropyl-r3-o-thiogalactopyranoside (IPTG) concentration of 5.01JM, using either log or 

stationary cells to seed the plate. This standard condition gave similar results with every 
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cloned gene. High induction conditions were obtained by using an IPTG concentration of 

50!-IM and seeding plates with exponentially growing cells. 

Characterization of inhibitory domains. As can be seen in Figure 2. divergent residues 

are localized to two distinct regions within the D proteins: amino acids comprising a

helix #1 and the C-tenninus comprising loop6 and the tip of a-helix #7 in the atomic 

structure (2. 3. ll. 21 ). To determine whether one or both of these domains confer 

inhibitory effects. chimeric genes were constructed and the proteins expressed in l·ivo. 

The oX/a3 protein contains a-helix# I from 0X 174: the remaining part of the protein is 

derived from a3. The opposite construct (a3/0X) contains a-helix #l from a3 and the 

remaining portion of the protein is derived from 0X 174 (Figure 2). As can be seen in 

Table l. neither chimeric gene can complement a nul!D mutant. However. inhibition of 

wild-type was observed, suggesting that the chimeric proteins retain enough function to 

enter into the morphogenetic pathway. Expression of the chimeric protein possessing the 

oX l 74 a-helix #I inhibits 0X 174 morphogenesis (Table 1) even under low induction 

conditions and weakly inhibits a3 morphogenesis. Likewise. expression of the construct 

with a-helix #I from a3 strongly inhibits a3 morphogenesis but weakly inhibits oX 174 

morphogenesis. These results suggest that both are domains conferring some level of 

inhibition. 

Isolation of a tJX174 mutant resistant to the expression of the oX/a.3 chimeric 

external scaffolding protein. To isolate a 0X 174 mutant (chiD R) that could efficiently 

propagate in the presence of the chimeric 0XIa3 D protein, l08 wild-type phage were 
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plated on the cells expressing the chimeric protein at high induction conditions. The 

clziDR mutant was identified by its ability to consistently plate with efficiencies near l.O 

in the presence of the chimeric protein. Initially 80% of the chidR genome was sequenced. 

Only one base change was found. The mutation confers a valine ->alanine substitution at 

amino acid 286 in protein A. This region of gene A does not overlap gene B. To confirm 

that this base change was solely responsible for the clzidR phenotype. the mutant A gene 

was moved into another wild-type background. The phenotype bred true. 

The A protein initiates both stage II and stage ITI DNA synthesis. During Stage H DNA 

synthesis. protein A mediates the semi-conservative replication of double-stranded 

replicative form DNA (RFII). This stage of DNA replication occurs independently of 

procapsid morphogenesis. In stage III DNA replication. single-stranded genomic DNA is 

concurrently synthesized and packaged. This stage of DNA synthesis cannot occur in the 

absence of procapsids (8). The packaging pre-initiation complex. consisting of viral 

proteins A. C. and the host cell rep protein. must dock to a fully formed procapsid. The 

location of the clziDR substitution suggests that chimeric oX/a3 D protein. more 

specifically a-helices 2-6. inhibits DNA packaging. not procapsid formation (see below). 

The oX 174 clziDR mutant was assayed for the ability to grow in cells over expressing the 

wild-type a3 and chimeric a3/0X external scaffolding proteins. Although inhibition was 

observed in cells expressing the a3 D protein (Table 1 ). it was considerably less than 

values obtained for wild-type 0X 174. comparable to that observed for wild-type 0X 174 

in cells expressing the a3/0X chimera. In addition. the chiDR mutation appears to have 
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little or no effect on growth in the presence of the a3/0X protein. These data suggest that 

two cross-species inhibitory domains exist in the external scaffolding proteins. 

A oX 174 clziDR/amD/amD mutant was constructed to determine whether clziDR mutation 

allowed for the utilization of the chimeric 0XIa3 protein in plating assays. The chimeric 

gene was unable to complement the amD mutation in the clziDR background (data not 

shown). The low level of inhibition ( 1 o·2
) of wild-type 0X 174 growth by the a3/oX 

chimeric protein proved too refractory for the isolation of 0X 174 resistant mutants and 

experiments described in the following section. 

In vivo analysis of wild-type inhibition by foreign and chimeric scaffolds. The 

location of the chiDR mutation in gene A suggests that the oX/a3 protein does not block 

procapsid formation, but DNA packaging. To test this hypothesis, the assembly 

intermediates synthesized in wild-type 0X 174 infected cells were analyzed by sucrose 

gradient sedimentation as described in Materials and Methods. The sedimentation 

profiles of '5S labeled viral products are presented in Figure 3. In cells expressing the 

oX 174 D protein. infectious virion (114S) and degraded procapsid structures (70S) were 

detected. However. in the presence of the chimeric 0XIa3 protein. only procapsids 

( I OSS) and degraded procapsids were present. This result is consistent with a block in 

DNA packaging and the location of the clziDR mutation in gene A. since the A protein 

must interact with the procapsid during DNA packaging. In cells expressing the a3 

external scaffolding protein, only small levels of procapsids and/or degraded procapsids 

were detected. suggesting that morphogenesis is inhibited before procapsid formation. 
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Isolation of a tJXl74 multiple mutant resistant to the expression of the a3 chimeric 

external scaffolding protein. Although it was not possible to isolate a 0X 174 mutant 

resistant to the expression of the a3 external scaffolding protein via one mutational step 

(data not shown). a mutant was obtained in a multi-step selection. Cells expressing the 

CJ.3 external scaffolding protein were infected at an MOl of 0.01 in liquid culture. 

fnduction conditions were kept at levels that produced an E.O.P of w·l in plating assays. 

The forDR phenotype (foreign D resistance) also confers resistance to both chimeric 

scaffolding proteins. The entireforDR genome has been sequenced. Two single base 

insertions have been found at the end of gene C, which is adjacent to gene D. One 

insertion creates a premature stop codon in gene C. three codons upstream from the 

natural stop codon (Figure4 ). The natural stop codon overlaps with the gene D start 

codon. The premature stop codon overlaps with the RBS of gene D. C protein 

termination and D protein initiation may now be more efficiently coupled than in wild

type. [n addition. the insertion may create an RBS that can more easily anneal to the I 65 

rRNA. The second insertion is found between the D gene RBS and start codon. These 

considerations suggest that part oftheforDR phenotype may involve increasing wild-type 

D protein synthesis, as opposed to a truncated C protein. 
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DISCUSSION 

Foreign external scaffolding proteins are potent cross-species inhibitors of viral 

morphogenesis. The Microviridae scaffolding proteins have only diverged 26% on the 

amino acid level and this divergence is localized to two distinct regions: a-helix #1 and 

loop 6/a-helix #7 in the atomic structure. Chimeric proteins were designed to separate 

these t\vo domains in order to determine their individual inhibitory effects. The results of 

this analysis suggest that both domains are responsible for some level of inhibition. and 

demonstrate the feasibility of using closely related proteins as antiviral agents. 

The efficiency of inhibition ascribed to each domain differs and appears to be 

concentration dependent. Low levels of induction are sufficient when the inhibited virus 

and a-helix #I of the chimeric protein are of the same origin. This suggests that a-helix 

#I may play a critical role in the self-association of D proteins into dimers or dimer 

recognition of other structural proteins. Within the atomic structure of the procapsid. 

four D proteins associate with the viral coat protein. The 0 proteins are arranged as 

asymmetric dimers of dimers, D 102 and 0304, and are not related by quasi-equivalence 

( 2.3 ). Residues between a-helices #2 and #6 mediate the vast majority of the intradimer 

and interdimer contacts. This region of the 0X 174 and a3 0 proteins exhibits 96% 

conservation on the amino acid level. This high level of conservation most likely allows 

inter-species oligomerization, effectively diluting the amount of indigenous protein 

capable of progressing through assembly as homodimers. However, a-helix #1 mediates 

some intradimer contacts, but only in the 0102 species. Without these contacts, dimers 



with a foreign a-helix #l may not be efficiently placed into the D l 02 position. 

Ho\vever. once placed into the 0102 position. that helix makes no contacts with other 

scaffolding or structural proteins 
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Some coat-scaffolding interactions may not be apparent in the currem atomic structure. 

During crystallization. the 0X I 74 procapsid matured at the three-fold axes of symmetry. 

producing a closed structure. The native. or open. structure has pores at the three-fold 

axes. Genetic data (4.7) suggest that an interaction may occur between 04 a-helix #I 

and a-helix #4 of the viral coat protein. Both helices are found at the three-fold axis of 

symmet1y in the closed structure. In an open structure. the coat protein helix could be 

shifted upwards and may contact a-helix #I of the 04 subunit. which is the most closely 

associated with underlying coat protein. Both helices are amphipathic and could interact 

via hydrophobic interfaces. If this interaction is indeed present in the native structure. this 

may exclude dimers with a foreign a-helix #I from the 0304 position. 

Finally, contacts made by a-helix #l may be important in forming an assembly na"ive 

dimer. from which the 0 l 02 and 0304 are formed. All three models are consistent with 

the high-level induction conditions needed for proteins with a foreign a-helix #I and the 

absence of large particles. Further analyses will be required to distinguish between these 

models. The isolation of the resistant mutants described here is limited. The selection 

procedures would not have generated mutations within the cloned foreign or chimeric 

genes. Considering the low level of inhibition conferred by chimeric scaffolding proteins 

with foreign a-helices #l. it should be possible to construct the chimeric gene directly 
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within the oX 174 genome and select for mutants which can propagate without concurrent 

expression of a cloned wild-type gene. 

The mechanism of inhibition conferred by foreign COOH-tennini, on the other hand, is 

more apparent. The oX 174 chiDR mutant alters viral protein A, a component of the 

genome biosynthesis/packaging machinery, which binds the procapsid along the two-fold 

axis of symmetry. The location of the chiDR mutation and the isolation of procapsids 

from cells expressing the chimeric protein, suggest that chimeric and wild-type 

scaffolding proteins form procapsids that cannot interact with the genome 

biosynthetic/packaging machinery. Because the clziDR phenotype does not circumvent 

the need for the wild-type protein. chimeric and wild-type proteins can achieve 

conformations needed for chidR A protein recognition that chimeras alone cannot achieve. 

Nor does the mutation confer resistance to the expression of the wild-type a.3 D protein 

or the a.3/oX chimera. consistent with a model in which foreign scaffolding proteins 

confer multiple blocks in morphogenesis. 

In the COOH-termini. only the regions comprising loop-6 and a-helix #7 have diverged 

bet\vccn the oX 174 and a3 proteins. a.-helix #7 is only ordered in the 04 subunit in 

which it makes multiple contacts with the underlying coat. While the D protein amino 

acids participating in these contacts have diverged. albeit conservatively. the target 

residues in the oX 174 and a3 coat proteins are identical. These observations suggest that 

the highly divergent loop-6 may be responsible for recognizing the genome 

biosynthetic/packaging machinery or forming part of its docking interface. With the 



identification of the chiDR mutations. the chimeric D gene can be placed directly into a 

chiDR background. The chimeric virus can be propagated in cells expressing the wild

type D protein. A direct and simple selection. the loss of complementation-dependent 

growth. can be used to isolate mutants that can utilize only the chimeric protein or a 

mutated form. 
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TABLE 1. Plating efficiencies of wild-type. nullD and clziDR strains of 0X 174 and a3 in 

cells expressing foreign and chimeric external scaffolding proteins. 

BAF30 (recA) with: 

Virus poX OJ pa3DJ poXJ pa3J p0X/a3D' pa3/oXD 

oX 174 nul!D2 l.O <10'6 w-6 w-6 w·6 I0-6 

aY nul!D2 <10'6 l.O w-6 10-6 w-6 w-6 

wr oX174 l.O 1.0- 10·6 l.O l.O w·}-w-5 1.0-10'2 

\\'[ a3 1.0-10'6 1.0 l.O 1.0 1.0-10·2 w·-'-w·' 

oXl74 chiDR 0.5 l.0-10'2 0.5 0.5 l.O 1.0- 10'2 

1 The construction of chimeric genes is depicted in Figure 2 

~The oX I 74 nullO mutant contains two amber mutations in gene. The a3 nul/D mutant 

contains a frameshift mutation in codon 20. 
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Figure Legends 

FIG 1. A. The Microviridae morphogenetic pathway. In a reaction mediated by the 

internal scaffolding (or B) protein. 9 and 6S pen tamers associate. forming the l2S 

particle. Tv•enty external scaffolding (or D) proteins then add to this intermediate. which 

is then organized into the procapsid. The DNA binding protein (or J) enters the 

morphogenetic pathway during the packaging reaction. perhaps mediating the extrusion 

of the internal scaffold. Maturation is complete upon the dissociation of the external 

scaffolding protein. Inset: the four D proteins associated with each asymmetric unit 

r Oakland et al .. 1997). The subunits have been designated D I through 04. The amino 

and carboxyl termini have been indicated where possible. The first a-helix of D 1 and D4 

are depicted. 

FIG 2. A. Sequence alignment of the oX 174 and a3 external scaffolding proteins. B. The 

generation of the oX/a3 chimeric gene. C. Verification of the oX/a3 chimeric gene 

FIG 3. Sedimentation analysis of particles produced in the presence of foreign and 

chimeric scaffolding proteins. Symbols: e wild-type a3 grown in cells over-expressing 

the a.3 D protein (control). • wild-type oX 174 grown in cells over expressing the a3 D 

protein. A. wild-type 0X 174 grown in cells over expressing the oXa3 chimeric D 

protein. 

FIG 4. Nucleotide sequence of the upstream D regulatory region in theforDR mutant. 
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A. 

a-helix #1 

0X174 MSQVT EQS VRFQTALASIKLIQASAVLDLTEDDFDFLTSNKVWIATDRSRARRCVEACVYGTLDFVGYPRFPAP 

I+ I+ + I + I++ I+++++ I I I I I I I+ I I+ I I I I I I +I+ I I I I I I+ I I I I I I I I I I I I I I I I I I I I I I I I I 

alpha3 MNIVS D .. VNYATSVAALRMLQASAVLDVTEEDFDFLTGDKIWIATDRNRARRCVEACVYGTLDFVGYPRFPAP 

0X174 VEFIAAVIAYYVHPVNIQTACLIMEGAEFTENIINGVERPVKAAELFAFTLRVRAGNTDVLTDAEENVRQKLRAEGVM 

I I I I I I I I I I I I I I I I+ I I I I I+ I I I I I I+ I I I I I I I I I I I I I I I I I+ I I I++ I I + + I I I I I I I I I I I I+ 

Alpha3 VEFIAAVIAYYVHPVNVQTACLVMEGAEFSENIINGVERPVNAAELFAYTLRIKAGFKETVMDAEENARQKLRANGLK 

Loop #6 



B. 

a3 PCR fragment digested 
with Nhe I and Bsp120 I 

Nhe I Eco RV Pvu I Bsp 1
1
20 I 

I I I 
helix 1 helices 2-7 I a3 J I I 

Nhel Notl 

C. 

170 



171 

2500 
Virion (114S) 

1250 t 

2000 
Procapsid 

1750 
(108S) 

1500 

1 ~ 1250 Empty 
c... capsids u 

I 1000 (70S) 

~ 
750 

o~----~----~----~ 
5 10 15 20 

Fr.u:tion 



Wild-type 0X 174 

GeneC 
stop codon 

Gene D 
start codon 

forDR mutant 

GeneC 
stop codon 

TA AGG AGG TAA 
16S rRNA 

172 

start codon 




