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Abstract

The bacteriophage T4 capsid contains two accessory surface proteins, the small outer capsid protein
(Soc, 810 copies) and the highly antigenic outer capsid protein (Hoc, 155 copies). As these are
dispensable for capsid formation, they can be used for displaying proteins and macromolecular
complexes on the T4 capsid surface. Anthrax toxin components were attached to the T4 capsid as a
fusion protein of the N-terminal domain of the anthrax lethal factor (LFn) with Soc. The LFn-Soc
fusion protein was complexed in vitro with Hoc™Soc™ T4 phage. Subsequently, anthrax protective
antigen, PA63, heptamers were attached to the exposed LFn domains. A cryo-electron microscopy
study of the decorated T4 particles shows the complex of PA63 heptamers with LFn-Soc on the phage
surface. Although the cryo-electron microscopy reconstruction is unable to differentiate on its own
between different proposed models of the anthrax toxin, the density is consistent with a model that
had predicted the orientation and position of three LF molecules bound to one PA63 heptamer.
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Introduction

Bacteriophage T4 is a large, double-stranded DNA virus that belongs to the Myoviridae family
and infects Escherichia coli. The T4 virion consists of a capsid and a contractile tail terminating
in a baseplate to which is attached six long tail fibers (Eiserling and Black, 1994). The T4 head
is a prolate icosahedron (Fig. 1A) with a length of 1200 A and a width of 860 A (Fokine et
al., 2004). The major capsid protein, gp23* (48.7 kDa, 930 copies per capsid), forms a
hexagonal lattice with triangulation numbers (Caspar and Klug, 1962) Tenq = 13 (laevo) in the
icosahedral caps and Tyjg = 20 in the cylindrical midsection (Fokine et al., 2004). The distance
between adjacent gp23* hexameric capsomers is ~140 A. Eleven vertices of the capsid are
occupied by pentamers of the special vertex protein gp24* (47.2 kDa), whereas the 121" vertex,
occupied by a gp20 dodecamer, is the portal for DNA entry, tail attachment, and DNA exit
(Driedonks et al., 1981). Gp24* and gp23* have a protein fold similar to that of the
bacteriophage HK97 capsid protein (Fokine et al., 2005).
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A unique feature of T4 architecture is the presence of two accessory proteins, the highly
antigenic outer capsid protein (Hoc, 39.1 kDa) and the small outer capsid protein (Soc, 9.7
kDa), which decorate the outside of the capsid shell (Figs. 1A and 2A) (Fokine et al.,
2004;1shii and Yanagida, 1977;0lson etal., 2001). Both Hoc and Soc are dispensable for capsid
formation and able to bind to the capsid during the final stages of capsid maturation. Soc helps
to stabilize the capsid against extremes of pH and temperature, whereas Hoc has only amarginal
effect on capsid stability (Steven et al., 1992). One Hoc molecule binds at the center of each
gp23* hexamer, giving 155 Hoc molecules per T4 capsid. The rod-like Soc molecules form a
nearly continuous mesh on the capsid surface that encircles the gp23* hexamers (Figs. 1A and
2A). The Soc molecules bind between gp23* hexamers, but not between gp23* hexamers and
gp24* pentamers or between gp23* hexamers and the gp20 dodecameric portal protein. The
total number of Soc molecules on the T4 capsid is 810.

Bacillus anthracis, the causative agent of anthrax, secretes three proteins, namely protective
antigen (PA), lethal factor (LF), and edema factor (EF), that assemble into toxic complexes on
mammalian cell surfaces. The assembly of these complexes starts with binding PA to a cellular
receptor (Bradley et al., 2001), followed by cleavage of PA by furin (a membrane-bound
protease) causing removal of a 20 kDa N-terminal PA fragment. The remaining receptor-bound
63 kDa fragment of PA (PA63) oligomerizes to form a ring-shaped heptamer (Milne et al.,
1994). The PA63 heptamer, (PA63)7, then interacts with the N-terminal domain of LF (LFn)
and/or EF (EFn) to form the biologically active anthrax toxin complex (Cunningham et al.,
2002;Leppla, 2006;Melnyk and Collier, 2006). The assembled toxin can enter the cell via
receptor-mediated endocytosis. The intracellular delivery of LF, a Zn-metallo protease, and
EF, an adenylate cyclase, dramatically alters the cellular metabolism, eventually causing cell
death (Leppla, 2006).

Currently available information on the stoichiometry of the anthrax toxin complex is
contradictory. Originally, Singh et al. (Singh et al., 1999) showed by non-denaturing gel
electrophoresis that each PA63 subunit in the heptamer can bind one LF molecule. Mogridge
etal.(Mogridge, Cunningham, and Collier, 2002) studied the stoichiometry of the anthrax toxin
by measurements of isotope ratios in complexes assembled from differently labeled toxin
subunits. Also, they determined the molecular weights of the complexes using multi-angle laser
light scattering. Both approaches yielded the value of three molecules of LF or EF per PA63
heptamer. However, cryo-electron microscopy (cryo-EM) reconstruction of the complex of
PA63 heptamer with LF showed only one LF molecule (Ren et al., 2004;Tama et al., 2006).
Recent studies of the interactions between PA63 and LF using peptide amide hydrogen/
deuterium exchange mass spectrometry and directed mutagenesis (Melnyk et al., 2006)
supported the finding that PA63 heptamer can bind a maximum of three molecules of LF or
EF (Mogridge, Cunningham, and Collier, 2002). The previously determined crystal structures
of PA63 heptamers (Lacy et al., 2004) and LF (Pannifer et al., 2001) were used to construct a
model of the (PA63)7-(LF)3 complex, consistent with mutational studies (Lacy et al., 2005).

In this paper, we report a cryo-EM study of T4 particles associated with PA63 heptamers
complexed with LFn-Soc. A fusion protein between LFn (residues 1 to 264) and full-length
Soc (70 residues) was constructed, with a hexa-histidine N-terminal tag and a four-residue
poly-Alalinker. The LFn-Soc molecules were attached in vitro toa Hoc™Soc™ T4 phage mutant.
The anthrax PA63 heptamers were then attached to the capsid-exposed LFn domains. This
represents probably the first structure of a phage-displayed macromolecular complex and
favors the (PA63)7-(LF)3 model of the anthrax toxin (Mogridge, Cunningham, and Collier,
2002;Singh et al., 1999).
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Results and discussion

The cryo-EM image of the T4 phage, with attached LFn-Soc and (PA63)7 molecules (Fig. 3),
shows a pattern of roughly ring-shaped protrusions on the virus capsid. The height of the
protrusions measured from the capsid surface is ~120 A and their width is ~120 A. The size
and the shape of the protrusions are approximately consistent with the diameter model of
(PAB3)7-(LFn)3 complex (Lacy et al., 2005).

The three-dimensional reconstruction of the T4 phage decorated with the anthrax proteins (Fig.
1B) has 35 A resolution and shows two types of protrusions on the viral capsid. However,
there is no significant structural change in the gp23*/gp24* protein shell compared to the wild-
type T4 capsid (Fokine et al., 2004) (Fig. 1A). Consistent with expectations on using a
Hoc™Soc™ T4 phage, the reconstruction shows no evidence for the presence of Hoc molecules
in the centers of the gp23* hexamers.

The smaller protrusions are located at the dimer interfaces between adjacent Soc molecules,
mostly in the equatorial region of the capsid, with one protrusion per two Soc molecules (Figs.
1B and 2B). As LFn is fused to the N terminus of Soc, the N termini of the Soc molecules must
be situated close to the Soc dimer interfaces on the T4 capsid. Hence, each protrusion at the
Soc dimer interfaces should represent two LFn molecules. This is consistent with biochemical
data (Li et al., 2006), which show that there are about 760 out of the possible 810 Soc molecule
binding sites that should be occupied by the LFn-Soc fusion protein. However, the dimensions
of these protrusions are too small to accommodate two LFn molecules, indicating that the LFn-
Soc structure might be flexible at the poly-Ala linker region between the LFn and Soc domains.
On the other hand, the height of the protrusions measured from the surface of the gp23* capsid
shellis~75 A, which is longer than the dimensions of the LFn molecule (~50 fk). This suggests
the density of these protrusions has a contribution from PA63 molecules.

The larger, ring-shaped protrusions in the cryo-EM reconstruction are visible only in the
vicinity of the 5-fold vertices (Figs. 1B and 2B). These protrusions are centered on the quasi-3-
fold axes between three adjacent gp23* hexamers. In contrast to the cryoEM reconstruction,
the (PA63)7 rings are visible on all parts of the T4 capsid surface in the unprocessed EM
micrograph images (Fig. 3). The apparent absence of PA63 heptamers in the reconstruction
(other than in the immediate vicinity around the 5-fold vertices), as opposed to their presence
in the unprocessed EM images, must be the result of averaging between occupied and
unoccupied sites in combining the images to produce the three-dimensional reconstruction.
The remaining five protrusions in the vicinity of each 5-fold vertex are close to the Soc trimeric
binding sites located around the 5-fold vertices.

The simplest interpretation would be that the observed protrusions are the PA63 heptamers,
each bound to three LFn-Soc molecules. Indeed, the predicted model (Lacy et al., 2005;Melnyk
et al., 2006) of the anthrax toxin is consistent with the size of each of the observed protrusions
around the 5-fold vertices. According to this interpretation the upper part of the large protrusion
can be attributed to the PA63 heptamer (Figs. 1B, 2B, and 4). Each protrusion has three LFn
‘legs’ associated with the capsid surface (Figs. 2B and 4) close to the dimer interface of Soc
molecules (Fig. 4). The density of each leg presumably has contributions from two LFn
molecules. However, as the density corresponding to the LFn legs is not large enough to
accommodate two LFn molecules, presumably only one of the LFn molecules in each leg is
complexed with (PA63)7, the other LFn molecule being disoriented. Another possible
interpretation is that each of the large protrusions represents the averaged density from several
PA63 heptamers bound randomly to different LFn molecules. To support the first of the two
proposed interpretations, the density of the three-dimensional reconstruction was projected
onto a few randomly-selected EM images, given their orientation with respect to the
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reconstructed image. In most cases the PA63 heptamers observable in cryo-EM images
superimpose onto possible LFn-Soc trimeric binding sites.

The symmetry mismatch between the 7-fold PA63 heptamer and the quasi-3-fold attachment
site by three LFn “legs” suggests that there could be three possible orientations for binding
each heptamer. Therefore, the result of averaging different particles is likely to generate
protrusions that are essentially 3-fold averaged. This might explain why the large protrusions
do not have visible 7-fold symmetry in the reconstruction. Thus, it is not possible to determine
from the cryoEM reconstruction alone whether the anthrax PA63 heptamer is bound to one
(Ren et al., 2004;Tama et al., 2006) or to three (Cunningham et al., 2002;Lacy et al.,
2005;Melnyk and Collier, 2006) LFn molecules. Nevertheless, the atomic model (Lacy et al.,
2005) of (PA63)7—(LFn)3 is roughly consistent with the density of the protrusions bound to
three LFn legs (Fig. 4) in showing the relative orientation of the LFn molecules relative to the
PA63 ring complex. The agreement between the two independent approaches, cryoEM image
reconstruction and structural modeling by Lacy et al. (2005), suggests that the (PA63)7—
(LFn)3 anthrax toxin stoichiometry is likely to be correct.

The distance between the centers of adjacent Soc trimers (corresponding to the center of PA63
heptamers) is ~80 A, whereas the diameter of a (PAB3)7 ring is ~120 A. Hence, the large
diameter of the PA63 heptamer rings results in steric conflict between neighboring triplets of
LFn sites (Fig. 2C). Presumably, in different phage particles, the PA63 heptamers bind
randomly to different LFn molecules at alternative trimeric Soc binding sites. Averaging
between particles during the reconstruction procedure would result in partial PA63 heptamer
occupancy at the various sites (Harris et al., 2006). Furthermore, the complex superpositions
would average over three possible LFn molecules that might be binding (PA63)7, accounting
for the irregular appearance of the heptamers. The steric conflicts would also account for the
absence of significant (PA63)7 density at sites other than in the vicinity of the 5-fold vertices
in the EM reconstruction (Figs. 1B, 2B, and 2C) (see above). The steric conflicts imply that
the average number of attached PA63 heptamers per phage particle would be approximately
100, smaller than the number of possible Soc binding triplets (250), resulting in the higher
occupancy of sites around these vertices. In contrast, steric hindrance between neighboring
(PAB3)7 rings will be greatest in the equatorial region of a prolate capsid, resulting in the lowest
occupancies of the heptamer rings.

A computation, assuming equal probability of binding to trimeric Soc sites, showed that, as a
result of steric hindrance, the average occupancies of these sites by PA63 heptamers would be
about 0.4 in general positions and about 0.5 at the five closest sites around the 5-fold vertices.
However, the cryo-EM reconstruction shows greater differentiation of occupancy between the
two types of sites. This indicates that there are other factors in addition to steric hindrance that
control the degree of occupancy. For instance, the difference in capsid curvature close to the

5-fold vertices leads to different angular relationship of the three LFn molecules. This might

be better for heptamer binding to three LFn molecules, or, if only one LFn molecule binds to
each heptamer for avoiding steric hinderance between unbound LFn molcules and bound PA63
heptamers.

This study suggests a potential use of T4 phage display for structural studies of protein
complexes attached to the surface of a virus. More significantly, this work represents the first
cryo-EM reconstruction of a phage display system. The reconstruction shows the presence of
the displayed antigens on the T4 capsid surface with a high copy number. The T4 system is a
stable phage platform for a high-density display of large, oligomeric protein complexes and
could provide potential applications for vaccine development.
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Materials and methods

Preparation of the Hoc™Soc™ T4 particles with attached (PA63)7 and LFn-Soc was performed
as described by Li etal (Li etal., 2006). About 5 x 1010 purified Hoc~SocHoc™ phage particles
were centrifuged at 16,0009 for 40 min. The pellets were resuspended in assembly buffer (50
mM sodium phosphate pH 7.0, 75 mM NaCl, and 1 mM MgSO,) and incubated with 150 ug
of purified LFn-Soc fusion protein in a total reaction mixture of 1 ml at 37°C for 45 min
(construction and characterization of LFn-Soc was described by Li et al (Li et al., 2006)). The
LFn—-Soc-T4 phage was sedimented by centrifugation and was washed twice with excess
binding buffer (20 mM Tris-Cl pH 9.0, 100 mM NaCl, and 2 mg/ml CHAPS) to remove any
unbound or loosely trapped protein. The phage pellet was resuspended in 500 pl of the same
buffer, and PA63 heptamers were then assembled by incubating LFn—Soc—T4 with 500 pg of
PA63 at 37°C for 45 min, which is equivalent to about 20:1 excess of (PA63) 7 heptamers to
LFn-Soc molecules exposed on the phage surface. The resultant phage particles were
sedimented and washed as above, and the phage pellet was resuspended in 20 ul of binding
buffer.

Low-dose cryo-EM was performed as described by Baker et al (Baker, Olson, and Fuller,
1999). Images of the frozen-hydrated sample were recorded on Kodak film using a Philips
(Eindhoven, The Netherlands) CM300 FEG microscope at a magnification of 47,000 and an
irradiation dose of ~20 electrons per A2? using a defocus distance of 1-3 um. The micrographs
were digitized with a ZI scanner and used to select 722 phage particles with the help of the
program ROBEM (http://bilbo.bio.purdue.edu/~workshop/help_robem).

The three-dimensional image reconstructions were made with the program SPIDER (Frank et
al., 1996) using the projection-matching technique to determine the orientation of the imaged
particles. The reconstruction of the native bacteriophage T4 capsid (Fokine et al., 2004),
represented ona 6 A grid, was used as the initial model. Thirty cycles of image reconstruction
were performed imposing D5 symmetry averaging. The final resolution of the reconstruction
was 35 A using a Fourier shell correlation cutoff of 0.5.

The atomic coordinates of the PA63 heptamers and LF were taken from the Protein Data Bank
(Berman et al., 2000) (PDB accession numbers 1TZO and 1J7N) to model the structure of the
(PAB3)7-(LFn)3 complex. The structure of LFn (residues 27-264) was docked manually onto
the structure of PA63 heptamers.

Data deposition

The cryo-EM map of the T4 head complexed with the anthrax proteins has been deposited in
the Electron Microscopy Data Bank (accession number EMD-1280).
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Figure 1.

Cryo-EM reconstructions. (A) The wild-type T4 capsid at 22 A resolution (Figure from
reference 2). (B) The T4 capsid with attached (PA63)7 and LFnSoc molecules at 35 A
resolution. The gp23* hexamers are shown in blue, the gp24* pentamers in magenta, the Hoc
molecules in yellow, and the Soc molecules in white. Protrusions corresponding to the anthrax
toxin proteins are colored in pink.
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Schematic representation of the distribution of proteins on the T4 capsid surface. (A) View
down a 5-fold axis of a wild-type virus and (B) showing also the attached (PA63)7-(LFn-
Soc)z complexes. (C) One possible distribution of the (PA63)7-(LFn-Soc); complexes in the
equatorial region of the T4 capsid. The yellow rings show the higher occupancy positions of

(PAB3)7 in the vicinity of the 5-fold vertices, whereas the green rings show a possible

distribution of the less occupied sites.
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Figure 3.
Cryo-EM image of T4 phage decorated with anthrax proteins. Note the position of the PA63

heptamers covering all parts of the capsid (see arrows).
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Figure 4.

Stereodiagrams showing the cryoEM density corresponding to the anthrax toxin complex. The
Ca backbone (Lacy et al., 2005;Melnyk et al., 2006) is superimposed on the density with
(PA63)7 in yellow and the three LFn molecules in white. (A) Side view showing also the site
of attachment on the viral surface, (B) view from inside the virus showing the three (LFn)
molecules
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