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Abstract

The mechanism of DNA ejection, viral assembly and evolution are related to the structure of

bacteriophage ΦX174. The F protein forms a T = 1 capsid whose major folding motif is the eight-

stranded antiparallel β barrel found in many other icosahedral viruses. Groups of 5 G proteins

form 12 dominating spikes that enclose a hydrophilic channel containing some diffuse electron

density. Each G protein is a tight β barrel with its strands running radially outwards and with a

topology similar to that of the F protein. The 12 ‘pilot’ H proteins per virion may be partially

located in the putative ion channel. The small, basic J protein is associated with the DNA and is

situated in an interior cleft of the F protein. Tentatively, there are three regions of partially ordered

DNA structure, accounting for about 12% of the total genome.

Bacteriophage ΦX174 is a small icosahedral virus that contains a single-stranded, closed

circular DNA molecule with 5,386 nucleotide bases (for a recent review, see ref. 1). Of the

11 gene products, four (J, F, G and H) participate in the structure of the virion. There are 60

copies each of the J, F and G proteins and 12 copies of the H protein per virion2–4 (Table 1).

Electron microscopy of shadowed or negatively stained particles5–8, as well as a three-

dimensional reconstruction of frozen-hydrated virions (Fig. 1a), clearly show large spikes at

the vertices of the icosahedral particles (N.H.O., T.S.B., P.W. and N.L.I., manuscript in

preparation). These spikes are about 32 Å long and have a mean diameter of 70 Å. Edgell et

al.3 have shown that these spikes, which can be removed from the capsid with 4 M urea

treatment, are composed of G and H proteins. Assuming all 12 spikes are identical, then

each spike will contain five G and one H protein2. The capsid itself has an external diameter

of roughly 260 Å, with a protein shell that is about 30 Å thick, and contains the F and J

proteins as well as the single-stranded (ss) DNA. The phage recognizes a lipopolysaccharide

(LPS) receptor on the outer cell membrane of Escherichia coli8–11. Host range mutants,

which determine which strains of E. coli are infected by ΦX174, map into the F, G and H

genes12–15.
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After attachment, which can occur at or above 15 °C, the phage DNA and at least one of the

H proteins are injected into the E. coli periplasmic space on raising the temperature to 37 °C.

As this temperature shift produces an irreversible loss of infectivity, it is called the eclipse

reaction. The transfer of phage DNA into the cell requires energy and may be coupled to

synthesis of the complementary DNA strand16. Eclipse rate, as measured by loss of

infectivity, can be modulated by deletion of certain bases in the viral genome17 as well as by

mutations that map in genes F (L.L.I., J.K. Tuech, L. A. Beisner, R. A. Sumrada and N.L.I.,

manuscript in preparation) and H (ref. 18, and L.L.I, and N.L.I., manuscript in preparation).

The lipid portion of the LPS receptor is required for the DNA injection process10. However,

eclipse can also be initiated by incubation at 37 °C in the presence of 100 mM CaCl2 (ref.

19). The eclipsed particles, which have a sedimentation coefficient of 90S, are sensitive to

nucleases13. Electron microscopy20,21 shows DNA is an extrusion from one of the spikes

when the LPS is used and from many spikes when Ca2+ is used to initiate eclipse.

In later stages of the viral life cycle, five molecules of F protein form 9S particles and five

molecules of G protein form 6S particles. These pentamers together with the H protein and

the B and D scaffolding proteins form 108S proheads. The ssDNA is then packaged into

proheads along with 60 J proteins to form, after removal of the B proteins, a 132S

complex22,23. Conversion to the infective 114S particles involves removal of the D protein,

requires divalent cations and may occur in the final stages of morphogenesis and cell lysis24.

Various temperature-sensitive (ts) and chain-termination mutants that block the assembly

pathway have been isolated and characterized1 (L.L.I, and N.L.I., manuscript in

preparation). The small J protein is required for DNA packaging23. They contain six lysines

and six arginines, typical of other viral capsid proteins that have a role in nucleic acid

packaging (see, for instance, ref. 25).

The phage ΦX174 was the first example of a biological system in which the complete

nucleotide sequence of a DNA genome was successfully determined26,27 and shown to

contain 11 genes with overlapping reading frames. Several similar phages have been

isolated28 of which only ΦX174, G4 (ref. 24) and S13 (ref. 30) have been sequenced.

Comparisons of the protein sequences demonstrate that the spike protein G is the most

variable. The H protein contains a much larger percentage of glycines and smaller

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

give rise to disordered peptide conformations and, hence, lack distinct structure31.

The infectious virion has a relative molecular mass of 6.2 × 106 (Mr 6,200K) (26% is

DNA)32. Lysates of infected E. coli contain two components which can be separated by

sedimentation through a sucrose gradient32,33. The fast band contains the infectious 114S

particles whereas the slow band contains noninfectious, 70S particles32,34,35. The latter

contains about 20% of the normal DNA content with all of the genome represented in the

population of particles. Both types of particles can be crystallized into isomorphous

monoclinic crystals with space group P21, and cell dimensions a = 305.6, b = 360.8, c =

299.5 Å, β = 92.89° that diffract at least to 2.6-Å resolution33. The asymmetric unit of the

crystal cell contains one complete particle. We report here the three-dimensional structure

determination of ΦX174 and its implication for viral functions.
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Protein structure

The structure determination of ΦX174 is summarized in Table 2 and will be described in

detail elsewhere (R.M., D.X., P.W., L.L.I, and M.G.R., manuscript in preparation). The

structure was initially interpreted at 3.5 Å resolution in terms of the amino-acid sequences of

the F, J and G proteins36, but the mutant ΦX174 used here has an arginine at position 216 in

the F protein (Fig. 1b). An atomic model was built in an Evans and Sutherland PS390

graphics system with respect to a final 3.4 Å resolution map with the use of the program

FRODO37. The overall appearance of the atomic structure of ΦX174 is remarkably similar

to that found by electron microscopy of unstained, frozen-hydrated virions (Fig. 1). The

maximum outer radius is 165 Å measured along the 5-fold axes. Each of the 12 spikes

consists of 5 G proteins which make only minimal contact with the capsid itself (Fig. 2d,

Table 3). The spikes have a pentagonal cross-section (Fig. 2g), with an average diameter of

70 Å, and a somewhat blunt extremity that extends about 32 Å above the mean capsid

surface. The capsid has a number of protrusions on its surface, one of which extends to a

radius of 138 Å at the 3-fold icosahedral axes, but at the 2-fold axes there is a depression in

the surface that only extends to a radius of 111 Å. The protein coat has an average thickness

of about 30 Å.

The capsid itself consists primarily of the F protein, with T = 1 (ref. 38) icosahedral

symmetry, and shows protrusions on the 3-fold axes, in the centre of the triangle formed by

adjacent 5- and 3-fold axes, and midway between the 5- and 3-fold axes. The F polypeptide

was easily traced with confidence except for the first and last two residues which are

disordered. The central motif of the F protein is an eight-stranded antiparallel β barrel

similar to that found in many other virus coat proteins (Fig. 2b), although the usual ‘αA’

and ’αB’ helices are missing (see, for example, ref. 39 for definition of secondary structure

nomenclature). The organization of the β barrel with respect to the icosahedral symmetry is

similar to that in other viruses: the β strands run roughly tangential to the viral surface and

the B–C, D–E, F–G and H–I turns point toward the 5-fold axes. This β barrel projects into

the nucleic-acid region of the virus. The contact between neighbouring β barrels is limited,

occuring at the 5-fold vertices (Table 3), and, therefore, cannot be considered to be the

dominating interactions required for assembly. Superposition of the F subunit β barrel onto

VP1 of human rhinovirus 14 (HRV14)40 and canine parvovirus (CPV)41 shows that 101 and

92 amino acids of the F protein can be topologically superimposed onto the corresponding β

barrels of HRV14 and CPV with an r.m.s. deviation of 3.5 and 3.4 Å, respectively, for

equivalenced Cα coordinates. The insertions between the β strands (Fig. 2a) are almost as

extensive as in CPV, accounting for more than 60% of the total F protein. These insertions

form the exterior of the viral capsid and most of the contacts between neighbouring F

subunits (Table 3). The insertions contain five α helices of which one has five-and-a-half

turns. The long helix runs antiparallel to two short and nearly colinear helices from a 3-fold

and a 2-fold related F subunit, respectively. The insertions also account for the protrusions

on the viral surface.

The J protein is internal23 and, because of its high content of basic residues, was expected to

be associated with DNA. However, carboxy-terminal residues 28-RLWYVGGQQF-37

contain only one basic residue and are ordered. Their characteristic sequence was easy to
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recognize in the electron density. They make a loop on an interior cleft of the capsid protein

and contact the E–F insertion. Many plant viruses have very basic, rather variable, amino-

terminal extensions to their capsid proteins. These basic regions are almost invariably

‘disordered’ (for example, tomato bushy stunt virus42, southern bean mosaic virus43 and

satellite tobacco necrosis virus44), lacking a unique conformation. When there is no

especially basic protein component in the capsid protein, there usually is a significant

amount of polyamines to neutralize the nucleic acid45. The disordered basic part of the J

protein, therefore, is probably involved in DNA neutralization and packaging and may

account for the difference of the Raman spectrum between ΦX174-DNA when in solution

and in the virion46.

The G polypeptide was traced over its entire length with complete confidence. Its structure

is a somewhat complex β barrel with its strands running roughly radially (Fig. 2f, g). It has

considerable resemblance to the β-barrel domain of the F protein (Fig. 2a, e) and, indeed, to

many other viral capsid proteins39. The β turns, BC, DE, FG and HI, that point toward the 5-

fold axes in many viral capsid proteins, are at the blunt extremity of the G protein spike. Of

the 175 amino acids in the G protein, 73 residues can be topologically superimposed onto

the F protein with a 3.0 Å r.m.s. difference in the Cα positions. There is a rather hydrophilic

channel down the 5-fold axis of each spike (Fig. 2h), with a diameter which varies between

6 and 26 Å. There is diffuse electron density in this channel at a radius of about 135 Å.

There is also another uninterpreted, but smaller, piece of electron density at a radius of 159

Å. The total cavity in the channel is large enough to accommodate at least 15 amino acids.

The quality of the G-protein electron density is particularly surprising as the crystallographic

environment of each spike is different and might, therefore, have asymmetrical lattice forces

causing local deviation from icosahedral symmetry and, hence, blurring of electron density.

Furthermore, the quality of the map is even more surprising because the spikes make only a

few contacts with the capsid itself (Table 3).

There is no compelling evidence in the electron density map for the presence of the H

protein. This is not surprising, given the unusually large number of glycines and the low

percentage of aromatic residues in the H protein, which suggest that this protein may not

have a distinct fold31. The absence of any defined structure for the H protein may be due to

the effect of electron density averaging, to different orientations of the protein at each spike

or, most likely, to different folds of each polypeptide. Nevertheless, denaturing gels of virus

dissolved from crystals show clear evidence of its presence33. In light of the ‘pilot’ function

of the H protein (Table 1), it is possible that the H protein would bind to the outside

extremity of the spikes. In the crystal, the spikes interdigitate, which leaves little room for a

35K protein at the vertices of the spikes. It is unlikely that DNA accounts for the diffuse

density in the large cavity on the 5-fold axis of each spike as there is insufficient space for a

strand of DNA to enter and exit this cavity. Genetic evidence suggests that Asn 113 of the G

protein, which is in the channel facing the diffuse density (Fig. 2h), interacts with Ala 68 of

the H protein (L.L.I., et al., manuscript in preparation). Therefore, the diffuse density might

be part of the H protein. However, it is not clear whether the remainder of the H protein is

internal to the capsid or external to the virus, though both possibilities would be consistent
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with the electron microscope observation that DNA is ejected through the spikes21 and that

the H protein is injected into E. coli with DNA47.

DNA structure and G protein ion channel

A difference electron density map was calculated between the partial diffraction data (Table

2) of the full 114S particles, F114S, and the mostly empty 70S particles, F70S, based on the

phases, αcombined, determined for the 3.4 Å resolution map. This shows regions where there

is ordered structure not present in the electron density map of the 70S particles. This

structure is probably attributable to DNA (Fig. 3a) but it could be also a part of the H

protein. The basic protein environment and characteristic electron density strongly suggested

this to be nucleic acid. As in bean pod mottle virus48 and CPV41, some of the nucleic acid is

bound to inside cavities of the icosahedral shell and, therefore, has itself attained some

icosahedral order. The most extensive ordered DNA structure occurs in three regions of the

cavities between the F protein α barrel and the rest of the capsid, including a region close to

the ordered part of the J protein. A total of 11 nucleotides per icosahedral asymmetric unit

could be built into the electron density while maintaining standard dihedral angles49. There

are extensive polar interactions of the DNA backbone with the F and J proteins including

Arg 216, Arg 233 and Arg 420 in the F protein as well as Arg 28 in the J protein (Fig. 3b).

The order of the protein in this region is greater in the 114S than in the 70S particles. An

electron density map using (F114S – kF70s)eiαcombined, where k = 0.9, showed the DNA

density to have the same height as the protein. Full occupancy of DNA would be expected

for k = 0.5 (ref. 50), implying that the ordered DNA is present in about one out of five

icosahedral positions.

A large negative peak occurs in the difference map in the G protein channel at the site of the

smaller piece of diffuse density, suggesting that a cation is bound here in the 70S particles.

This density is liganded by the five symmetry-related Asp117 residues. Hence, binding of a

putative Ca2+ ion at this site may trigger DNA ejection19–21 through the ion channel.

Additional density in the full 114S particles occurs also on the inside of the F capsid but

around the 5-fold axis, which could be either DNA or more ordered H protein poised for

ejection through the channel in the spike. In addition, the J protein shows a higher degree of

order in the 114S particles.

Mutations controlling infectivity stages

Both ts and cold-sensitive (cs) mutants have been selected and characterized. The cs

mutations at residues Arg 216 and Arg 233 in the F protein affect the eclipse rate and are

also implicated in functional interactions with DNA17 (L.L.I., et al., manuscript in

preparation). One of the more highly ordered segments of DNA structure is sandwiched

between these residues and the ordered region of the J packaging protein (Fig. 3). Because a

change of the above arginines to cysteines or histidine should alter protein-DNA

interactions, it is reasonable to expect that these and other residues adjacent to this segment

of DNA should have a role in determining the rate at which infectivity is lost because of

DNA ejection.
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Nearly all ts mutants have defects in late stages of viral infection, presumably in the

assembly process (L.L.I. and N.L.I., manuscript in preparation). The mutations in the G and

F proteins map primarily to surface features on the virus (Table 4). In addition, there is one

mutation on the inside cavity of the spike facing the 5-fold axes. These mutations are mostly

of the type that tend to destabilize the local protein environment51, thus explaining why

elevated temperatures might disrupt assembly.

Evolution

Comparisons of the protein sequencies of ΦX174 and G4 show the greatest variability in the

extremity of the G protein and the greatest conservation in the contacts around the 5-fold

axes in the F protein (particularly loop F–G). The higher rate of accepted mutation in the G

protein would suggest that its function (perhaps formation of the channel through which the

DNA is ejected) is a relatively new feature, whereas the capsid may have evolved earlier to a

more stable structure. Superposition of tertiary protein structures permits amino-acid

alignments when there is no readily recognizable memory of a common primordial amino-

acid sequence52. The alignment of the virus β-barrel fold in the F and G proteins of ΦX174

with some other viral capsid proteins, as well as the protruding domain of tomato bushy

stunt virus, is shown in Fig. 4. There is a tendency to conserve hydrophobic residues in the β

barrel, but there is no obvious specific sequence, as sometimes occurs, by which the virus

capsid fold might be readily recognized. The degree of similarity of the ΦX174 protein folds

to the other capsid protein structures is similar to that between, for instance, HRV14 VP1

and VP2 which occur in the same virus capsid.

The considerable similarity of the F protein to other viral capsid proteins suggests that many

viral capsid proteins have probably diverged from a common ancestral structure53. The F

gene has, over time, captured insertions which are important for forming the capsid exterior.

As the virion exterior determines the interaction with its host, and as the host presumably

already contains molecules that modulate its metabolism, such gene fusion processes in viral

evolution may be important in the function of the resultant viral particle.

The eight-stranded antiparallel virus fold has now been found in many RNA and DNA viral

capsids39, yet its presence is not entirely universal (for example in the plant RNA tobacco

mosaic virus54,55, in the RNA phage MS256 and in the animal RNA Sindbis virus57). Hence,

the eight-stranded antiparallel β-barrel fold is not a prerequisite for assembly of icosahedral

structures58. Furthermore, the ΦX174 structure, in contrast to other icosahedral viruses,

shows only little contact of the β-barrel fold with neighbouring subunits, as it essentially

projects into the DNA core (Table 3). It has also been suggested59,60 that the fold might be

conserved to modulate viral stability by virtue of its hydrophobic interior.
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FIG. 1.
a, Shaded surface representation of three-dimensional reconstruction of ΦX174 calculated

from particle images recorded in the electron microscope. Unstained virus samples were

frozen in a layer of vitreous ice and images were recorded under minimal electron dose

conditions (~20 e/Å2). Twenty-five ΦX174 particle images were selected, their centres of

density (origins) and orientation positions in the layer of ice were determined, and

reconstructions were calculated to 21 Å (see N.H.O., T.S.B., P.W. and N.L.I., manuscript in

preparation, for details on procedures). The view is down an icosahedral 2-fold axis, b,

Stereo view of fit of residues 67-FTFYV-71 in the βE strand of the F protein electron

density66. The amino-acid numbers in the F protein have been increased by 1,000.
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FIG. 2.
Structure of the viral proteins G and F. a, e, Topological depiction. The antiparallel sheet is

subsequently wound into a right-handed helix to make a β barrel, b, f, Ribbon diagrams

showing secondary structure nomenclature and amino-acid numbering. The orientation of

the F protein is shown, viewed down a 2-fold axis, relative to an icosahedral asymmetric

unit formed by adjacent 5-, 3- and 2-fold axes, whereas the G protein is shown as a side

view with the spike pointing along the 5-fold axis. c, g, 9S and 6S pentameric units of the F

and G proteins, respectively, viewed down a 5-fold axis. d, Footprint of the spike onto the F
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protein. The colours indicate different sub-units of G corresponding to the code shown in g.

h, Cross-section through the spike showing the amino acids that line the hydrophilic

channel. The larger diffuse density may be part of the H protein and a smaller density on the

5-fold axis is a putative Ca2+ ion.
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FIG. 3.
a, Stereo view of fit of DNA bases NA1 to NA4 to the electron density. The choice of

nucleotide bases shown is arbitrary, b, Stereo diagram of environment of the J protein

(green). The DNA structure is in red and the F protein is in yellow. Orientation is given by

the purple 5- and 2-fold symmetry axes. The polar residues on F and J have been identified.

The amino-acid numbers have been increased by 1,000 and 3,000 for the F and J proteins,

respectively. The nucleotides are numbered NA1 to NA11 although they occur in three

noncontiguous sequences.
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FIG. 4.
Alignment of amino-acid sequences based on structure superpositions (single-letter amino-

acid code). Shown are only those residues in the β-barrel structures. Residues that are boxed

are conserved in at least two sequences. The F and G proteins are aligned with each other as

well as with the similar virus β barrels found in canine parvovirus (CPV), VP1 of HRV14,

the small protein of CpMV and the protruding domain of TBSV. Note that the helical hand

of all these structures is the same (see Fig. 2a and e) contrary to the claim by Gibson and

Argos67 concerning the TBSV protruding domain. The orientation and position of the G

protein in ΦX174 are similar to that of the small protein in CpMV accounting for the similar

external appearance of these two viruses (Fig. 1).
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TABLE 1

Proteins in the virion

Protein Mr

Number
of

amino
acids

Amino-acid
characteristics Function

F 48,400 426 Normal DNA injection and
protection

G 19,050 175 Less conserved than
other capsid proteins
among related phages

Attachment

H 34,400 328 High Gly and low
aromatic content

Attachment, DNA
ejection,
penetration (‘the
pilot protein’)

J 4,200 37 Highly basic amino
terminus

DNA packaging
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TABLE 4

Sites of mutations

Location of ts mutations that may block folding or assembly*

G Protein

(1) On spike surface S39→L(βB), G52→S(βC), P100→L(βE), P100→
S(βE), S148→F(βH)

(2) On spike internal
cavity

T4→A (amino end), H116→Y(βF)

F Protein

(1) On exterior
surface of the capsid

A91→V (E-F loop), P120→S (E–F loop), P148→
H (E–F loop), P175→L (E–F loop), G337→S
(H–I loop), L384→I (H–I loop)

(2) On interior
surface of the capsid

H16→Y(βB), M43→I(βD)

Location of cs mutations that may block eclipse/DNA injection

F Protein R216→H (near J), R216 → C (near J), R233 → C
(near J) in interior cleft in close proximity to J

*
L.L.I. and N.L.I., manuscript in preparation.

Nature. Author manuscript; available in PMC 2014 September 18.


