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Abstract:
Experiments were performed to further understand internal scaffolding B 

protein function related to the phage morphogenesis of φX174.  The first 

experiment involved creation of chimeric B and J proteins. The first chimera is a 

fusion of the N-terminus of the B protein and the C-terminal coat protein binding 

domain of protein J. The second chimera is a fusion of the DNA binding domain 

of protein J and B protein C-terminal coat protein binding domain. Neither 

chimera complemented the amber mutants nor inhibited wild-type.  The second 

experiment involved alterations to the B protein via C-terminal deletions. Mutants 

were missing either their last amino acid or their last two amino acids. Data 

suggests that the truncated B proteins are unable to properly bind coat protein F 

to form the 9S* intermediate.  The third experiment involved missense mutations 

to the B protein aromatic C-terminus. Data suggests that a non-wild type 

aromatic at site 119 is insufficient to produce larger intermediates. Retaining the 

aromatic structure of this region did, however, allow for the mutant to form 9S* 

intermediates and secondly allowed for the N-terminus to induce conformational 

changes resulting in 12S* particle formation. These results suggest that the 

structure of the amino acid as well as its aromatic character is necessary for 

proper morphogenesis. 

Introduction:

φX174 is a bacteriophage, or a virus that attacks bacteria, belonging to 

the family Microviridae.  Its genome was the first fully sequenced DNA-based 
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genome credited to Fredrick Sanger in 1976 using the “Plus-Minus” method of 

sequencing, a variant of the Sanger method (1).  Its genome is single stranded 

and circular consisting of 5,386 nucleotides of which about 47.2% is AG, and 

about 52.7% CT (1).  This circular genome encodes 11 genes, some of which 

overlap.  An overlap example is gene B that is located in the coding region of 

gene A, but in a different reading frame.  Only four of the total gene products 

participate in the final structure of the virion.  These products are DNA binding 

protein J, major spike protein G, minor spike protein H and coat protein F.  The 

mature virion contains 60 copies each of the coat protein F, spike protein G and 

DNA binding protein J as well as 12 copies of the minor spike protein H (15).

Phage Structure

φX174 has a simple icosahedral quaternary structure of 12 capsomeres 

(11).  The coat protein F forms a T=1 capsid whose major folding motif is the eight-

stranded antiparallel β-barrel found in other icosahedral viruses (9).  This 

icosahedral capsid contains protruding spikes, formed from proteins G and H, 

that are 35 Å in length located on the fivefold axes of symmetry and has an 

external capsid diameter of 260 Å without including the spikes (15,9).  These spikes 

have a pentagonal cross-section with an average diameter of 70 Å and are 

necessary for infection (9). 

Infectious Activity

The process of infection requires that the mature phage recognize its 

receptor lipopolysaccharide on its host via H protein (2).  The first interactions are 
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between a glucose binding site located in protein F and requires Ca2+.  The 

interactions of H protein do not require Ca2+.  The early stages of infection can be 

separated into 3 phases: attachment, eclipse (partial DNA injection) and 

complete DNA penetration (3).  Attachment alone though does not result in the 

inactivation seen later in the infection process (3).  During the eclipse reaction the 

Single-Stranded DNA (ssDNA ) along with at least one H protein penetrates the 

host membrane (4).  This process requires disruption of certain interactions within 

the virion resulting in inactivation of the virus and thus loss of infectivity. 

With the plus-strand viral DNA inserted into its host three distinct phases 

occur.  The first of these, stage I DNA synthesis, involves conversion of the 

single-stranded viral DNA into a double-stranded, covalently closed, circular 

replicative form (RF) molecule by pre-existing host enzymes (5).  During the 

second phase, stage II DNA synthesis, multiple copies of RF are synthesized 

semi-conservatively from the parental RF.  During this RF duplication reaction, 

viral and complementary strands are replicated by distinct mechanisms (13).  The 

final phase, stage III DNA synthesis, involves synthesis of single-stranded (+) 

DNA using the complementary strand of RF as a template (12).  Single-stranded 

DNA synthesis is concurrent with packaging.

Phage Assembly 

With the genome inside the host, the virus is now able to begin assembly. 

The assembly process is presented in Figure 1.  Similar to most DNA phages 

φX174 packages its ssDNA genome into pre-formed protein shells known as a 

procapsid.  The procapsid itself consists of viral structural proteins as well as 
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scaffolding proteins that are not found in the mature virion.  The first 

morphogenic intermediates are 9S and 6S particles that are pentamers of the 

coat protein F and the major spike protein G, respectively.  Five copies of the 

internal scaffolding protein B then bind to the underside of 9S particles via their 

C-termini forming 9S* particles (14).  The internal scaffolding protein B induces 

conformational changes in the 9S coat pentamers facilitating spike protein G 

pentamer incorporation.  The structural changes alter binding surfaces causing 

the next assembly step to differ from its predecessor and these changes provide 

the energy to drive assembly forward (17).  Protein B also facilitates the 

incorporation of H protein but is not necessarily required.  The external 

scaffolding protein D assembles 12 of these subunits together forming the 108S 

procapsid complex.  Each 108S complex is comprised of 60 copies each of 

proteins G, F and B, twelve copies of protein H and approximately 240 copies of 

protein D.  In this structure coat protein pentamers make little to no contact with 

each other and the structure appears to be held together solely by protein D 

contacts (14). 
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Elsewhere in the host cell DNA binding protein J associates with the 

progeny ssDNA formed in the final stage of the DNA replication process.  This 

bound complex, aided by phage proteins A and C, is then packaged into the pre-

formed procapsid through one of the 30 angstrom pores found at the three fold 

axes of symmetry (17).  Inside the procapsid, protein J forms specific interactions 

with the coat protein F and displaces the internal scaffolding protein possibly via 

competition for a common binding site.  Protein B thus will not be found in the 

mature virion.  This exodus of protein B and entrance of ssDNA bound to protein 

J leads to formation of a 132S intermediate known as the provirion.  Provirion 

particles have been shown to contain F, G, H, J, and D proteins (6).  Conversion 

of this 132S particle into the 114S mature virion occurs in the final stages of 

morphogenesis involving closure of the pores, an 8.5Å radial collapse of coat 

pentamers, and disassociation of scaffolding protein D (6,10). 

Functions of the B Protein

The internal scaffolding protein B is one of two scaffolding proteins 

involved in φX174 morphogenesis.  It contains 120 amino acid residues and is 

required for virion formation.  The C-terminus of the protein is most highly 

conserved and contains the majority of amino acids known to interact with viral 

coat protein (17).  During separate stages in morphogenesis, protein B is required 

to both enter into assembly as well as dissociate from the formed procapsid.  It 

has been suggested that protein B can assume numerous conformations during 

morphogenesis as has been evidenced by structural and genetic data (10,8).  One 
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conformation may direct the necessary pentamer-pentamer interactions while 

another conformation may allow for its exodus from the procapsid (16). 

Recent data seems to suggest that protein B has evolved into an 

efficiency role being subsidiary to the external scaffolding protein D during 

morphogenesis (14).  Despite suggested subservience of protein B to the external 

scaffolding protein D, it has many important functions.  One of the paramount 

functions involves the internal scaffold mediating interactions between 9S* and 

6S particles by first binding to the underside of the 9S particle.  This induces 

conformational changes and allows these intermediates to associate and 

morphogenesis to proceed forward (10).  Absence of protein B still allows 9S and 

6S particle formation but morphogenesis will be halted and continued particle 

formation will produce aggregations of pentamers (6).  Although the C-terminus is 

most highly conserved, the N-terminus of protein B also displays certain 

functions.  These include: facilitating protein B interactions with another protein B 

across the 2 fold axes of symmetry, increasing efficiency of minor spike protein 

incorporation, and lowering the critical concentration of D protein needed to 

mediate assembly (10).

 Although protein B is essential, it can undergo significant alterations 

without eliminating function and is extremely tolerant of missense mutations (10). 

These ideas provide the basic reasoning underlying the experiments performed 

in this paper.  Previous experiments demonstrate the flexibility displayed by 

protein B.  For example, mutant B protein lacking the first 53 amino acids have 

been shown to retain functionality and can produce infection virions though they 
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display an altered phenotype (14,10).  Furthermore, internal scaffolding proteins 

from φX174, and related virions α3 and G4 display cross-functional ability despite 

only 30% similarity (10).  Mutations in protein D have shown the ability to suppress 

certain defects incurred by mutant protein B and redundancy of the two 

scaffolding proteins may be an evolutionary safeguard and allow for the flexibility 

seen by the internal scaffold.

All known B- mutations appear to be defective in coat protein binding yet 

the B proteins induce conformational switches in the coat protein after 9S* 

formation.  Thus it may be possible to isolate mutants that retain coat recognition 

and binding capabilities but are defective in inducing conformational switches. 

The B protein C-terminus is primarily responsible for mediating coat protein 

recognition and binding (22).  Alterations to this region may allow for mutants that 

can still bind coat protein yet alter its ability to induce structural switches. It had 

been suggested (16) that interactions at one end of the protein might affect 

interactions at the other end.  Experiment one involved alterations that were quite 

large and formation of protein B and protein J chimeras that were assayed for 

their ability to complement specific amber mutants or inhibit wild-type in plating 

assays.  Protein J was included in the formation of the chimeras because its C-

terminus is very similar to the C-terminus of protein B, as both these proteins use 

this region to bind to the coat protein F.  Experiments two and three involved 

alterations to the C-terminus of the internal scaffolding protein via C-terminal 

deletions and missense mutations, respectively. 
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Results and Discussion:

Behavior of the Chimeric Proteins

Chimeric genes were formed from portions of the DNA binding protein J 

and the internal scaffolding protein B.  Two distinct chimeras were assayed for 

their ability to complement either am(B) or am(J) mutants or inhibit wild-type in a 

plating assays.  The first chimera BJ is a fusion of the N-terminus of the B 

protein, amino acids 1-104, and the C-terminal coat protein binding domain of 

protein J. It has been shown (8) that the C-terminus of B has similar aromatic 

characteristics to protein J in that region.  The second chimera JB is a fusion of 

the DNA binding domain of protein J and the C-terminal coat protein binding 

domain of the internal scaffolding protein.  Neither chimera was capable of 

complementing the amber mutants nor inhibiting wild-type (data not shown). 

Thus it appears that these proteins have no activity. 

The N-terminus of B protein may be required for initial, likely non-specific, 

contact with coat protein F.  The N-terminus may weakly attach to protein F 

bringing the C-terminus into close proximity to allow a stronger attachment that 

may not be occurring with the JB chimera.  The existence of B- utilizer mutations 

in two regions of the coat protein, contacting opposite ends of the internal 

scaffold, suggest that the two termini of B protein do not function as totally 

separate and independent domains (16).  The wild-type B protein being produced 

likely competes with the JB chimera and is favored due to JB lacking the proper 

N-terminus.  Another likely possibility involves the DNA binding domain of the JB 

11



chimera.  It is possible that this domain may direct the protein to improper sites in 

the host cell.  This DNA binding domain may cause the chimera to assemble 

near the sites of DNA synthesis.  Following the suggestion that changes in one 

end of the protein might cause changes in the other end (16) the new N-terminus 

on the JB chimera may vary well be altering the C-terminus and not allowing 

necessary coat-scaffold interactions to take place. 

The reasons for inability of chimera BJ to inhibit wild-type may have 

differed.  It has been shown that maturation involves major conformational 

changes in the F capsid protein (17).  One possibility for inability of BJ to inhibit 

may be that coat pentamers not arranged into a procapsid may not be in the 

correct form to bind the protein J coat binding domain.  So in its 9S pentamer 

form, protein F may be in a conformation that favors or only allows the B protein 

C-terminus to bind.  Whereas in the procapsid, protein F may be in a different 

conformation that favors binding of protein J coat binding domain.  Another 

possibility for lack of BJ chimera inhibition may have been due to specific 

requirements by the C-terminal coat protein binding domain of protein J.  The J 

protein normally associates with DNA. It may be possible that these DNA 

interactions may be required in order for the C-terminus to achieve the proper 

binding state.  Therefore since the chimera lacks the DNA binding regions, it may 

lack the requirements for properly binding to the coat protein.
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Analysis of C-terminal Deletions

The following results deal with mutants coding for truncated internal 

scaffolding proteins.  These mutants code for B proteins that are missing either 

their last amino acid or their last two amino acids, am(B)120 and am(B)119, 

respectively.  Both of the amino acids removed are aromatic; wild-type B protein 

at site 119 contains tyrosine and site 120 is phenylalanine.  These mutants were 

generated via site-directed mutagenesis.  It was previously inferred (8) via atomic 

structure of φX174 procapsid that the majority of amino acids that interact with 

coat protein are contained in the highly conserved C-terminal region of protein B. 

This highly aromatic region fits into a cleft formed between α-helix 2 and the β-

barrel of the coat protein (8).  Adhesion by the C-terminus allows the N-terminal 

region to induce necessary conformational changes in F protein pentamers to 

allow its association with G protein pentamers.  Stocks of these mutants were 

grown, plated and assayed for function (data not shown). Neither mutant was 

able to form plaques in a Supo host but were rescued via the expression of a 

cloned wild-type B gene.  To determine if these truncated proteins exhibited any 

function, the assembly pathway was characterized in mutant infected cells. 

Extracts were generated from infected lysis resistant cells and analyzed by rate 

zonal sedimentation.  A large particle gradient of am(B)120 is shown in Figure 2. 

The data shows that wild-type contains peaks indicating proper morphogenesis, 

and formation of the 114S mature virion.  In contrast no virions, procapsids or 

70S degraded procapsid were detected in the am(B)120 infected cells.  This 

suggests that an early block is occurring in the assembly pathway. 
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To test further, small particle gradients were run in attempt to isolate 

smaller intermediates such as 12S or 9S*.  The 9S* particle was not detected, 

instead coat proteins were observed to form large aggregates that formed a 

pellet at the bottom of the gradient.  The data suggests that the truncated B 

proteins are unable to properly bind coat protein F to form the 9S* intermediate 

and thus have no function.  Since the coat pentamers are unable to associate 

with spike pentamers due to the defective B protein they most likely bind to 

themselves as their concentration increases in the host cell.
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Analysis of Missense Mutations

There is a fundamental difference between missing an amino acid and 

having a non-wild type amino acid.  This experiment involved alterations to the 

highly aromatic C-terminal region of B protein.  Amber mutations were reverted 

and screened for non-wild type phenotypes.  All am(B)120 revertants displayed a 

wild-type phenotype while am(B)119 revertants displayed a temperature 

sensitive (ts) phenotype but grew poorly at all temperatures.  The mutant of 

interest Y119W contained a Y to W substitution at site 119.  To determine if the 

mutant protein exhibited any function, the assembly pathway was characterized 

in mutant infected cells.  Extracts were generated from infected lysis resistant 

cells (slyD) and analyzed by rate zonal sedimentation.  A large particle gradient 

of Y119W can be seen in Figure 3.  Similar to the am(B)120 mutant, no virus 

procapsids nor degraded procapsids were detected in the Y119W infected cells 

suggesting an early block in the assembly pathway.  
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To investigate this further small particle gradients were run to see if any 

small particles could be detected.  Figure 4 shows that upon running the gradient 

both 9S* and 12S* particles were detected.  This suggests that retaining the 

same number of aromatic residues as wild-type allows for the mutant B protein to 

first bind to the coat protein pentamers forming 9S* intermediates and second 

allow for the N-terminus to induce conformational changes so that coat 

pentamers and spike pentamers can associate, resulting in 12S* particle 

formation.  The data also shows that a non-wild type aromatic amino acid at site 

119 is insufficient to produce larger intermediates.  It suggests that the structure 

of the amino acid as well as its aromatic character is necessary for proper 

morphogenesis. It is possible that the large size of tryptophan may inhibit proper 

conformational changes of B protein or even possibly restrict proper coat protein 

F conformational shifts.  
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Materials and Methods:

Phage plating, Stock Preparation, and DNA Isolation

The reagents, media, buffers, and protocols are described in Fane and 

Hayashi (1991).

Bacterial Strains

The Escherichia coli C strains C122 (supo) and BAF8 (supF) are described 

in Fane & Hayashi (1991).  BAF30 is a recA derivative of C122 (Fane et al., 

1992).  The slyD host mutation confers resistance to φX174 E-protein-mediated 

cell lysis (Roof et al., 1994).

Construction of Plasmids

In order to construct the complementing clone of gene B (pBYA), gene B 

was first amplified by PCR.  The upstream primer was designed to introduce a 

BglII site while the XhoI site is found in the genome.  The PCR product was 

digested with BglII and XhoI and ligated into pSE420 digested with the same 

enzymes.  In order to construct plasmid JB genes D and the DNA encoding the 

DNA binding domain of protein J were cloned first.  This region was amplified by 

PCR, the upstream primer annealed to the multi cloning site while the 

downstream primer introduced a SacI site.  It was then cloned into pSE420 with 

Nco and SacI to form the pJBOD plasmid.  Then the 3’ end of gene B that 

encodes the protein binding domain was amplified by PCR.  An upstream primer 

introduced a SacI site and the downstream primer annealed to the multi cloning 

20



site in the plasmid.  It was cut with SacI and MscI then ligated into pJBOD cut 

with the same enzymes.  The ligation products were separated by gel 

electrophoresis and purified.  The isolated JB plasmids were then transformed 

into BAF30 recA cells to produce the cell line BAF30pJB.  Plamid BJ was created 

utilizing pBYA as a template for PCR amplification.  The amplified product was 

then cut with restriction enzymes Nco and PstI forming partial gene B fragments. 

A J-tail plasmid was then cut with Nco and PstI and ligated with the previously 

described B gene fragments.  Ligation products were separated by gel 

electrophoresis and purified.  The isolated pBJ plasmids were then transformed 

into BAF30 recA cells to produce the cell line BAF30pBJ.  Plasmids pJB and pBJ 

contain IPTG (isopropyl-β-D-thiogalactopyranoside)-inducible clones of the 

denoted φX174 chimeric genes. 

Sedimentation and Protein Analysis

Sucrose gradient sedimentation (Uchiyama and Fane, 2005) was used to 

generate sedimentation profiles, where 5.0ml 5%-30% sucrose gradients were 

separated into approximately 50 fractions.  Particles were detected either by 

direct plating assays (infectious virions) or spectroscopy (non-infectious 

particles).

Phage Mutants

Mutants am(B)120 and am(B)119 were generated by oligonucleotide 

mediated mutagenesis (Fane, Shien and Hayashi, 1993).  The ts Y119W mutant 

was isolated via a direct reversion of the am(B)119 genotype.
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