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SUMMARY

The portal channel is a key component in the life
cycle of bacteriophages and herpesviruses. The
bacteriophage P22 portal is a 1 megadalton dodeca-
meric oligomer of gp1 that plays key roles in capsid
assembly, DNA packaging, assembly of the infection
machinery, and DNA ejection. The portal is the nucle-
ation site for the assembly of 39 additional subunits
generated from multiple copies of four gene prod-
ucts (gp4, gpl10, gp9, and gp26), which together
form the multifunctional tail machine. These compo-
nents are organized with a combination of 12-fold
(gp1, gp4), 6-fold (gp10, trimers of gp9), and 3-fold
(gp26, gp9) symmetry. Here we present the 3-dimen-
sional structures of the P22 assembly-naive portal
formed from expressed subunits (gp1) and the intact
tail machine purified from infectious virions. The
assembly-naive portal structure exhibits a striking
structural similarity to the structures of the portal
proteins of SPP1 and phi29 derived from X-ray crys-
tallography.

INTRODUCTION

Formation of infectious double-stranded DNA (dsDNA) bacterio-
phages and herpesviruses occurs through a multistep process
involving hundreds of specific protein-protein interactions. A
crucial component that assembles along this pathway in dsDNA
bacteriophages is a highly specialized nano machine that is
responsible for adsorbing to and infecting host cells, commonly
referred to as the tail (Ackermann, 1998). Discovered in 1952, the
well-characterized Salmonella enterica—infecting bacteriophage
P22, a Podoviridae within the order Caudovirales, has served
as a model for virus assembly (Casjens and Weigele, 2005; Pre-
velige, 2005). The P22 tail is short and noncontractile and is
incorporated into a pentameric opening at one of twelve icosa-
hedral capsid shell vertices (Chang et al., 2006; Lander et al.,
2006; Poteete, 1994; Tang et al., 2005). Able to withstand heating
to 70°C in 2 M urea and in the presence of detergent, the assem-
bled tail machine is a remarkably stable macromolecule and
lends itself well to structural studies (Tang et al., 2005). Despite
its complexity, the P22 tail is significantly simpler than the infec-

tion machinery of other documented phages, some of which
incorporate four times the number of gene products or hundreds
of copies of protein subunits into their functional tails (Agirreza-
bala et al., 2005a; Chang et al., 2006; Katsura and Kuhl, 1975;
Kondou et al., 2005; Kostyuchenko et al., 2005; Leiman et al.,
2007; Mc Grath et al., 2006; Parker and Eiserling, 1983; Plisson
et al., 2007; Tang et al., 2008; Xiang et al., 2006). An under-
standing of the P22 tail machine’s architecture has provided
a model for translocation and injection of DNA utilized by the
more elaborate phage tails (Johnson and Chiu, 2007; Nemecek
et al., 2008; Tang et al., 2005; Ziedaite et al., 2009).

Twelve copies of an 83 kDa protein (gp1) form an oligomer,
termed the portal, which is situated at a pentavalent opening in
the capsid. In addition to its involvement in assembly of the
immature phage (Moore and Prevelige, 2001), the P22 portal
serves as the attachment site for an external dsDNA-bound
complex with ATPase activity (Casjens and Weigele, 2005; Nem-
ecek et al., 2008; Prevelige, 2005). This packaging motor pumps
the ~43.5 kbp phage genome into the capsid through the
portal’s central channel, resulting in DNA concentrations of
500 mg/ml (Earnshaw and Casjens, 1980). Upon completion of
genome packaging, the terminase motor detaches from the
portal structure, at which point the dodecameric oligomer func-
tions as a nucleation site for the attachment of the additional tail
machine subunits.

The tail machine is nearly three megadaltons and comprises
gp1 (12 copies), gp4 (12 copies), gp10 (6 copies), gp9 (18 copies),
and gp26 (3 copies). In addition to the symmetry mismatch arising
from a 12-fold symmetric portal oligomer embedded in a pen-
tameric opening, the complete tail machine assembly itself
is rife with symmetry mismatches, exhibiting a combination of
12- 6-, and 3-fold symmetrical substructures (Figure 1A). It is es-
tablished that upon completion of DNA packaging, 12 copies of
the 18.0 kDa protein gp4 attach directly to the base of the portal
(Olia et al., 2006), and that without initial attachment of this gene
product no further components will assemble on the virion
(Strauss and King, 1984). Upon formation of the gp1-gp4
complex, six copies of gp10 (52.5 kDa) subsequently attach
at the base of gp4. Because these two additional components
alone are insufficient to prevent genome leakage from within
the capsid interior, three copies of gp26 (24.7 kDa) plug the distal
end of the gp1-gp4-gp10 complex in the form of a thin needle-like
trimeric coiled-coil. Stable assembly of all three gene products
(gp4, gp10, and gp26) is necessary for retaining the genetic mate-
rial housed within the capsid (Strauss and King, 1984). The gp26
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Figure 1. The Tail Machine Assembly
Pathway and CryoEM Structures of the
11- and 12-Fold Portals at Subnanometer
Resolution

(A) The dodecameric portal (red) is shown at one
pentameric vertex of the capsid (blue, not shown
in subsequent steps). After DNA packaging, the
tail assembles via sequential addition of multiple
copies of gp4, gp10, gp26, and gp9 to the portal
ring.

(B) Surface renderings of the reconstructed portal
densities contoured at 1.5 sigma and colored
radially from the central channel axis. The top
two structures are of the 12-fold particles (8.6 A
resolution), and the lower two of the 11-fold parti-
cles (8.8 A resolution). On the right are cutaway
views of the portals, showing the arrangement of
skewed helices in the stem region of the portals
and a channel that is wide enough to accommo-
date double-stranded DNA. The same overall
structural morphology is seen throughout both

reconstructions.

achieved through the use of cryo-elec-
tron microscopy (cryoEM), allowing for
putative assignments for the 51 different
components (Chang et al., 2006; Lander
et al., 2006; Tang et al., 2005), but the
low resolution of these reconstructions
prevented a detailed molecular descrip-
tion of the P22 tail machine anatomy.
Here, we present the 3D cryoEM struc-

needle seals the DNA exit tunnel of the tail machine and is
hypothesized to penetrate the host cell envelope during infection
by the phage (Olia et al., 2007, 2009).

Tail machine assembly is completed by attachment of six
homotrimers of the 71.9 kDa gp9 protein at the gp4-gp10 inter-
face. Each tailspike trimer consists of an N-terminal head-
binding domain and a C-terminal receptor-binding domain,
and the crystal structure of each isolated domain has been
solved (Steinbacher et al., 1996; Steinbacher et al., 1997). The
head-binding domain (residues 5-108) serves as an anchor for
the tailspike, binding at the cleft between gp4 and gp10 and
bridging the 12- to 6-fold symmetry mismatch (Chang et al.,
2006; Lander et al., 2006; Maurides et al., 1990; Tang et al.,
2005). The receptor-binding domain (residues 113-666), func-
tions as both a viral adhesion protein, binding to the O-antigenic
repeats of polysaccharides, and as an endoglycosidase,
cleaving glycosidic bonds after attachment. There is a four-
residue linker connecting these domains that are unaccounted
for by the two crystal structures. The EM density suggests that
the linker is flexible, allowing for the skewed orientation adopted
by the head-binding domain relative to the receptor-binding
domain upon attachment of the tailspike to the tail machine
body (Chang et al., 2006; Lander et al., 2006; Tang et al., 2005).

Three-dimensional (3D) reconstructions of the isolated tail
machine as well as within the context of the mature virion were

tures of the isolated assembly-naive
portal complex and of the intact tail
machine complex released and purified
from infectious virions. These reconstructions, in conjunction
with existing X-ray structures, allowed segmentation of indi-
vidual subunit density and the definition of all intersubunit
boundaries. The results presented here vary from those previ-
ously reported by Zheng et al. (2008), and they are discussed
with regard to the dynamic character of the portal in its various
states of interaction with tail machine components.

RESULTS

Polymorphic Oligomerization of the Assembly-Naive

P22 Portal

Certain phage portal proteins, when expressed ectopically,
assemble into rings that adopt symmetries different from those
assembled in the context of the capsid and may also display
polymorphic oligomerization (Bazinet et al., 1988; Cingolani
et al., 2002; Dube et al., 1993; Kocsis et al., 1995; Lander et al.,
2006; Lurz et al., 2001; Newcomb et al., 2001; Orlova et al.,
2003; Poliakov et al., 2007; Trus et al., 2004). This aberrant
assembly of isolated portals points to a collaborative role of
portal, scaffold, and capsid in proper assembly of the procapsid
in vivo. P22 portal subunits assemble into a heterogeneous
mixture of 11- and 12-fold rings in the absence of capsid and
scaffolding proteins in solution (Lander et al., 2006; Poliakov
et al,, 2007; Zheng et al., 2008), which is problematic in
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reconstructing a 3D structure by cryoEM, because of the lack of
homogeneity required for the accurate reconstruction.

A purification protocol reported to yield a homogeneous
population of 12-fold symmetric P22 portals was described by
Zheng et al. (2008), which led to a reconstruction of a truncated
portal at reportedly subnanometer resolutions. Following the
same protocol, our attempts to reproduce the 12-fold homoge-
neity of full-length portals failed, as evidenced by reference-free
classification of top-view particles in the frozen-hydrated state,
which display a heterogeneous mixture of 11- and 12-fold
symmetries (see Figures S1 and S2 available online). Correspon-
dence-analysis of the individual particles allowed 3D reconstruc-
tions of the P22 portal structure in both its 11- and 12-mer states
at subnanometer resolutions (Figure 1B). Attempts to resolve
a 10- or 13-mer structure by the same protocol failed, confirming
a mixture of portals dominated by 11- and 12-fold symmetry.

P22 Portal Structure

The structures of the 11- and 12-fold P22 portal structure were
refined from images of ice-embedded gp1 proteins expressed
in the absence of other viral proteins (Figure S1). The reported
resolutions for the 11-fold particles were 7.1 and 8.8 A using
Fourier shell correlation (FSC) and Rmeasure at 0.5, respectively.
The 12-fold portal was resolved to 6.9 and 8.6 A by FSC and
Rmeasure at 0.5, respectively (Sousa and Grigorieff, 2007; van
Heel and Harauz, 1986). Observation of the reconstructed
density confirmed that the structures are at subnanometer reso-
lutions, with alpha helices clearly visible. The structure resem-
bles a hollow turbine, as reported for the previously solved P22
portal truncate and for other phage and herpesvirus portal struc-
tures (Agirrezabala et al., 2005b; Guasch et al., 2002; Lebedev
et al.,, 2007; Orlova et al., 2003; Simpson et al., 2000; Trus
et al., 2004; Zheng et al., 2008).

Surface renderings of both the oligomeric portal structures are
shown in Figure 1; the dimensions for the 12-fold portal agree
with the previously reported P22 truncate, whose channel is
wide enough to accommodate dsDNA. As expected, the height
of the 11-fold structure is identical to that of the 12-fold structure,
although the lateral dimensions are smaller because of the
absence of one gp1 monomer. Both reconstructions exhibit
a similar domain morphology, which is defined following nomen-
clature introduced by Lebedev et al. (2007) as the (from top to
bottom) crown, wing, stem, and clip domains (Figure 1B).

Viewed in cross-section from the side (Figure 1B and Figure 2),
the crown domain is closest to the 12-fold portal axis and is likely
to interact with the ejection proteins that form a channel within
the intact virion (Chang et al., 2006; Lander et al., 2006). The
wing domain is the largest of the four domains, extending radially
from the portal channel, possibly interacting with spooling DNA
during genome packaging. The lowermost funnel-like region,
commonly referred to as the “stalk,” is divided into two
parts—the a-helical stem, which spans the pentameric opening
in the assembled capsid, and the clip domain. The clip domain is
a multifunctional region that is involved in both binding to the
packaging terminase in the viral procapsid and, upon completion
of genome delivery, binding to the first of the tail machine
components, gp4. The similarity of the 11- and 12-fold structures
goes beyond discernible secondary structural elements, extend-
ing into tertiary topology. The fact that these densities were

arrived upon without the introduction of any initial model bias
provides additional confidence in the accuracy of the recon-
struction.

Density corresponding to a single gp1 monomer was ex-
tracted from the symmetrized densities by first aligning the
crown and wing region of the 11-fold density to the same regions
of the 12-fold structure as a rigid body. Because of the difference
in symmetry of the superimposed structures, the intersubunit
boundaries were evident, and with minimal aid of the SPP1
crystal structure as a reference, monomeric densities were ex-
tracted for further comparisons and structural characterization.

Comparison of the P22 Portal to Crystal Structures
Phage portal proteins range in size, from 37 kDa in phi29 to
83 kDa in P22, and have virtually no sequence homology. All
portal proteins studied assemble into dodecameric oligomers
in the virion (Agirrezabala et al., 2005b; Doan and Dokland,
2007; Guasch et al., 2002; Lebedev et al., 2007; Orlova et al.,
2003; Simpson et al., 2000; Tang et al., 2008; Trus et al., 2004;
Zheng et al., 2008). Portal structures, solved by either cryoEM
or crystallography, exhibit a structurally conserved architecture,
as described above (Agirrezabala et al., 2005b; Guasch et al.,
2002; Lebedev et al., 2007; Orlova et al., 2003; Simpson et al.,
2000; Trus et al., 2004; Zheng et al., 2008). The wing regions
vary widely in shape and size among phage, while the stalk is
structurally conserved throughout dsDNA phages and herpesvi-
ruses.

The crystal structures of phi29 and SPP1 portal proteins are
available (Guasch et al., 2002; Lebedev et al., 2007; Simpson
et al., 2000), and the structural conservation inherent between
these and P22 is evident. The stem regions, which in phi29 and
SPP1 comprise two extended antiparallel alpha helices (helices
3 and 5) both tilted between ~30° and ~50° relative to the tunnel
axis, are strikingly similar to each other and to the corresponding
density in the segmented P22 portal density (Figure 2).

The conservation continues into the wing region, where in both
phi29 and SPP1, alpha helix 6 is oriented perpendicular to alpha
helices 3 and 4 and extends away from the central channel, along
the bottom edge of the wing region, to its periphery. There is
a beta sheet located along the outermost rim of the wing domain
in both phi29 and SPP1. Helix 6 and the beta sheet have corre-
sponding densities in P22 portal, including a 45° deviation from
linearity of helix 6 near the central channel (Figure 2B). It is known
that a mutation near this kink in helix 6 in SPP1 leaves the portal
incapable of DNA packaging (Isidro et al., 2004a, 2004b; Lebe-
dev et al., 2007; Oliveira et al., 2005). On the basis of the conser-
vation of these secondary structural elements in three different
phages and the SPP1 mutagenesis, it is likely that this domain
is involved with essential interactions necessary for DNA pack-
aging.

The SPP1 portal protein is 21 kDa larger than the phi29 portal
protein and exhibits a more complex architecture in the wing
domain. Like P22, the SPP1 portal also has a crown domain
that is absent in phi29. This structural elaboration in the SPP1
portal (and by analogy in P22) may facilitate “headful DNA pack-
aging” utilized by SPP1 and P22. This requires sensing the
equivalent of one genome-length of DNA during translocation,
a role known to be associated with the portal in P22 (Casjens
and Weigele, 2005).
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Figure 2. Comparison of the P22 Portal Monomeric Subunit with the SPP1 Portal Monomer and Three-Dimensional Mapping of the P22 Portal

Sequence
(A) Side views of the SPP1 portal (PDB entry: 2JES) are represented as ribbons colored from the N terminus (blue) to C terminus (red).
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The P22 portal is larger than SPP1 by 222 residues, and there
is a large density in the upper portion of the wing that has no
SPP1 counterpart (colored purple in Figure 2). Combined with
the assignments of the P22 secondary structure according to
the SPP1 homology and additional prediction, this additional
wing density appears to be the location for a large portion of
the inserted residues. Residues 429 to 471 in the P22 portal
are predicted to be a 40 residue alpha helix. This extended alpha
helix lines up with the long helix 6 that spans from the channel to
the outermost portion of the wing in both phi29 and SPP1
(Figure 2 and Figure 3). The phi29 portal structure terminates
shortly after helix 6, whereas in SPP1, an abrupt turn links the
C-terminal end of helix 6 to the helical crown domain. Secondary
structure prediction (Figure 2C) shows a series of beta strands
that occur within a 50-residue region unique to P22 and immedi-
ately following helix 6. The EM density for this inserted upper
wing domain connects to the C terminus of helix 6, is distinctly
flat and broad, and can accommodate the predicted insert of
four beta strands. Following this insertion, the density again
corresponds to the SPP1 structure and forms the crown domain.
Combining information described above and information from
deuterium exchange studies of portal assembly (Kang et al.,
2008), we believe that the P22 gp1 sequence 1-582 has been
fully assigned to the cryoEM density (Figure 2). Residues 583
to 725 are predicted to be predominately helical; however, there
is no additional density to accommodate these residues. We
conclude that they extend off the top of the crown and may
make specific interactions with the ejection proteins when the
portal is in the particle, but when free or in the tail machine
they are highly dynamic and their density lost during reconstruc-
tion.

The SPP1 portal crystal structure (PDB entry: 2JES) readily
docks into the P22 segmented density. Several rounds of
real-space flexible refinements show that a minimal amount of
movement is necessary to improve the fit (Figure 2B). The Ca
root-mean-square-deviation (RMSD) between the rigid body
fitted and the flexible fitted SPP1 portal crystal structure is
3.7 A. The most discernible difference between the two models
is a large, ~20 A movement of the SPP1 C terminus to fit into
the P22 electron density (Figure S3).

P22 Tail Machine Structure

P22 tail machine particles were purified from disrupted mature
virions. In a previous study, isolated tail machine particles adop-
ted a preferred orientation in the frozen-hydrated state that
required tilting of the microscope stage to perform the single-
particle reconstruction (Tang et al., 2005) (Figure S4A). In the
current study, the particles were vitrified onto a holey grid with
a thin overlaid layer of carbon in order to provide random orien-
tations of the tail machines (Ruiz and Radermacher, 2006)
(Figure S4B). The density corresponding to the tail machine

was extracted from an asymmetric reconstruction of P22
(Lander et al., 2006) and was low-pass filtered to 30 A resolution
for use as an initial model. Utilizing the same reconstruction
scheme that was used for the free-portal reconstructions, over
350,000 automatically selected particle images were processed
to arrive at the final 3D reconstruction.

The reconstructed density of the tail machine reveals a struc-
ture approximately 415 Ain height with a maximum width of
250 A (Figure 3A). Salient features include the portal structure,
which occupies the upper third of the tail machine, six tail spike
trimers surrounding the central tube, and an extended needle-
like structure plugging the central channel. The tail tube channel
is devoid of density and varies in diameter from approximately
30Ato45A (if the larger portal channel is not considered).

Tail Machine Segmentation
Previous cryoEM reconstructions provided putative localizations
for the five gene products that comprise this assembly, although
the resolutions of these reconstructions did not provide sufficient
detail to delineate the precise boundaries between the subcom-
plexes or the monomeric subunits (Chang et al., 2006; Lander
et al.,, 2006; Tang et al., 2005). The existing crystal structures
for the tail fiber gp26 (Figure 3C) (Olia et al., 2007) and the tail-
spike gp9 (Figure 3D) (Steinbacher et al., 1996, 1997), in conjunc-
tion with the known stoichiometry of the gene products (Tang
et al., 2005) and the isolated 12-fold portal reconstruction, al-
lowed determination of the intergene product boundaries and
segmentation of monomeric subunits (Figure 3B and Figure S5).
The gp1 portal protein exhibits a very similar morphology in
both the assembly-naive state and in the context of the assem-
bled tail machine. All secondary structural features in the wing
and stalk domains are identical within the limits of the cryoEM
resolutions, although the bottom-most domain of the clip region
appears to have undergone a rearrangement to accommodate
the binding of gp4. Conformational flexibility of this domain has
also been shown for phage SPP1, although the change between
the two P22 portal states observed here is not as dramatic.
The smallest of the tail machine proteins, gp4, which is 18 kDa,
is composed of four distinct sausage-like densities that corre-
spond to individual alpha helices at this resolution (Figure 3B).
While there are no existing high-resolution structures of gp4 or
homologous proteins, secondary structure prediction of the
gp4 sequence indicates the presence of four alpha helices,
ranging from 13 to 21 residues in length. Although we cannot
discern the connectivity between these helices from the recon-
structed density, this structure confirms that gp4 is composed
of a four-helix bundle, two of which are oriented laterally relative
to the central channel axis, and the other two in a perpendicular
fashion. The segmented density shows that two gp4 subunits
assemble on either side of a single portal clip domain, resulting
in an interlocking set of interactions between gp1 and gp4.

(B) Contoured at 1.5 sigma, the details of the P22 subunit extracted from the 12-fold portal structure shows many similarities to the subunit structure of the SPP1
portal. Both have crown, wing, stem, and clip regions, with P22 densities that are positioned similarly to helices 3, 4, and 6 of SPP1 (helical numbers defined in
Simpson et al., 2000). The SPP1 subunit has been refined into the P22 density and is shown in the rightmost P22 portal density. P22 has an additional domain for

which SPP1 has no counterpart (colored in magenta).

(C) Hydrogen-deuterium exchange data (Kang et al., 2008) has been combined with secondary structure prediction (www.predictprotein.org) and information
from the SPP1 crystal structure to assign the location of the entire P22 sequence into the segmented P22 density. Domains are colored in the sequence according
to their corresponding locations in the SPP1 ribbon representation, with the exception of the upper wing domain (magenta), which has no SPP1 counterpart.
Residues after 580 were determined to be disordered and likely continue above the crown domain.
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Figure 3. The P22 Tail Machine at 9.4A Resolution, as Determined by cryoEM

(A) Fifty-one subunits from five different gene products assemble to form the tail machine, and are represented in surface renderings at 1.5 sigma. The image on
the right depicts a cutaway view to expose the tail machine interior. The gene products are colored as follows: gp1 are red, gp4 are magenta, gp10 are green, gp9
are blue, and gp26 are yellow.

(B) The exterior and interior views of the segmented gp4 (above, magenta) and gp10 (below, green) monomeric densities. The gp4 density, which is predicted to
consist of four alpha helices, exhibits four distinctly sausage-like densities that are characteristic of alpha helices. Two of these run laterally at the gp10 interface
(h1 and h2), and the other two run parallel to the channel axis on the interior of the monomer (h3 and h4). These two interior helices appear to interact with gp1 and
gp10 in the reconstructed density. The gp10 density is much more difficult to interpret that the gp4 density, and secondary structure prediction shows that this
protein is mostly made up of beta strands.

(C) The gp26 tail needle (PDB entry: 2POH) is docked into the EM density, showing extensive interactions with gp10 at the N-terminal tip. Further from the tail
machine body, the needle density becomes more disordered, becoming completely disordered shortly after passing the hinge domain.
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Six copies of gp10 (52.5 kDa) bind to the 12 copies of gp4 in
the assembling tail machine. Secondary structure prediction
indicates a structure that is mostly beta sheet in composition,
with no significant helical segments. Because of its size,
a detailed analysis of the secondary structure constitution of
the segmented gp10 monomer is difficult, but the lack of
sausage-like densities is consistent with secondary structure
prediction (Figure 3B). The symmetry mismatch that occurs
between the dodecameric gp4 ring and the six copies of gp10
is accommodated by a pseudo-12-fold architecture of the
uppermost domain of gp10 (Figure S6A). Just as gp4 extends
a helical segment between the clip regions of the portal gp1
proteins, gp4 similarly exhibits a helix that juts into gp4-gp10
interface. Six of these gp4 helices interact with a pocket formed
between neighboring gp10 subunits, whereas the other six gp4
helices insert into a cavity within the gp10 monomer that struc-
turally resembles the intra-gp10 pocket.

The gp26 trimeric needle, an extended trimeric coiled-coll,
plugs into the central tail tube, preventing genome leakage
from the capsid. Because of the six-fold symmetry imposed on
the tail machine density during EM processing, the three-fold
details of this component are lost, although fitting of the crystal
structure into the density shows a similar molecular envelope
(Figure 3C) (Olia et al., 2007). The first 27 N-terminal residues
of gp26 trimer fold down around the N-terminal tip of the
coiled-coil to form an antiparallel six-stranded bundle roughly
30 A in diameter. Similar to the pseudo-12-fold symmetry ex-
hibited by gp10 at the gp4 interface, the N-terminal domain of
gp26 exhibits pseudo-6-fold symmetry in order to accommo-
date the interaction with gp10 (Figure S6B). The first 27 residues
that form this pseudo 6-fold symmetry in gp26 are known to be
critical for binding of the needle to the tail machine, although it is
not necessary for oligomerization of the needle structure (Bhard-
waj et al., 2007). Fitting the crystal structure into the EM density
shows that this domain is almost entirely enclosed within the tail
machine’s central channel, interacting extensively with gp10
(Figure 3C). The gp26 needle comes into very close proximity
to the gp10 density at positions where the gp26 N terminus
exhibits alpha-helical character, namely residues Asp3-Asn8
and Asp18-Leu22.

Two hundred angstroms away, at the opposite end of the gp26
needle, EM density for the C-terminal tip is disordered. This may
be due in part to the fact that the gp26 needle is only held in place
atits N terminus to the gp10 subunits. The disorder may be exac-
erbated by the putative flexibility of the basic C-terminal domain
(termed the lazo domain), thought to be involved with membrane
penetration. This flexibility comes about as the result of a hinge-
like region centered at GIn137 at the terminal end of the helical
core, allowing rotation of this domain up to 18° away from the
vertical axis (Figure 3C) (Olia et al., 2007, 2009).

The final addition to the tail machine is the gp9 tailspike,
whose N-terminal head-binding domain attaches to the interface
between the gp4 and gp10 subunits. From each of the trimeric
head-binding domains, two of the subunits interact with the

interface, resulting in a pseudo-12-fold symmetric binding. The
EM density provides sufficient resolution to distinguish residues
Asp94-Ser98 as directly involved with binding to the gp4
subunit, although at different positions on the gp4 monomer.
One gp9 head-binding domain appears to interact with the
lowermost alpha-helical segment of gp4, while the same resi-
dues on the neighboring gp9 monomer, along with Arg21 and
Ser22, are situated to interact with the most peripheral region
of a neighboring gp4 (Figures S5A and S5B). The head binds
such that the six tailspike trimers are in register with the six
gp10 subunits, suggesting a specificity of the head-binding
domain to gp10. One monomer from the head domain contains
a short two-stranded beta sheet (Pro48-Pro64) that appears
to create a bridge spanning two adjacent gp10 subunits (Fig-
ure S5C). This bridging interaction would only be possible at
the inter-gp10 crevasse, such that the six-fold specificity may
be set here.

A notable feature of the tailspike, as seen in earlier reconstruc-
tions, is an asymmetric arrangement of its two constituent
domains. The head-binding domain, the smaller of the two
domains and through which the tailspike attaches to the gp4-
gp10 interface, assumes a skewed position relative to the larger
receptor-binding domain, which is responsible for binding to and
destroying the cell surface lipopolysaccharides (Figure 3D)
(Chang et al., 2006; Lander et al., 2006; Tang et al., 2006). In
the reconstructed tail machine presented here, details of the
tailspike hinge are discerned. The uppermost portion of the
receptor-binding domain is alpha helical before becoming disor-
dered, and these alpha helices are clearly seen in the EM density
(Figure 3D). Furthermore, these three helical segments are
situated directly underneath the peripheral monomer of the
head-binding domain. The head-binding domain appears to be
a multifaceted structure, able to interact with the gp4-gp10 inter-
face and offering an interaction site for the uppermost helical
portion of the receptor-binding domain.

The remarkable fit of the receptor-binding domain crystal
structure into the EM density is evidence that lateral interactions
exist between gp10 and the tailspike. If the tailspike receptor
domains were mobile relative to the rest of the tail machine
assembly, the density corresponding to the tail spikes would
be an average of the receptor domain in many different positions.
Since the density corresponds well with the crystal structure,
and it is unlikely that the interaction between the head-binding
domain and the receptor-binding domain alone would be suffi-
cient to stabilize the orientation of the tailspike, there must be
a gp10-tailspike interaction.

The tailspike contains an endo-rhamnosidase enzyme that is
used by the phage to digest the polysaccharide layer that
surrounds gram-negative bacteria (Ilwashita and Kanegasaki,
1976). The binding site is situated in a 20 A cleft formed between
two protruding domains of the tailspike, termed the ventral and
dorsal “fins” (Steinbacher et al., 1997). From the EM reconstruc-
tion, we observe that each of the tailspike trimers is positioned
such that a receptor-binding domain is directed outward toward

(D) The crystal structures for the N-terminal head-binding domain and the C-terminal receptor-binding domain of gp9 (PDB entries: 1LKT, 1TYU) are docked into
the EM density, fitting with high fidelity. The tail spike assumes an asymmetric organization upon binding to the tail machine with the head-binding domain tilted
relative to the axis of the tail machine. Two of the head-binding subunits are involved in interactions that bridge gp4 and gp10, while the third subunit interacts with

the three N-terminal helices of the receptor-binding domain.
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the solvent (Figure S5D). It is also clear that the fins not only
serve to form the binding cleft, but also are used to stabilize
the receptor-binding domain in its position relative to the tail
machine. The ventral fin of one of the tailspike subunits comes
into close proximity to a gp10 subunit, although it is difficult to
assess the stabilization mechanism without higher resolution
detail of gp10 (Figure 3A and Figure S5D). The remaining tail-
spike fins appear to undergo an interlocking lateral interaction
around the circumference of the tail machine, where the dorsal
fin of one tailspike is directed into the polysaccharide-binding
cleft of the neighboring tailspike (Figure S5D). It is likely that
these interacting fins inhibit the enzyme activity of these gp9
monomers, leaving only one active site open per tail spike.

DISCUSSION

The ability of portals within headful packaging bacteriophages to
sense the building pressure within a capsid has long been
observed, and portal structures have been shown to be structur-
ally dynamic (Casjens et al., 1992; Isidro et al., 2004a; Lander
et al., 2006; Tavares et al., 1992; Xiang et al., 2006; Zheng
et al., 2008). In the present study, we compared the structures
of the assembly-naive P22 portal to its conformation in the
assembled tail machine, and it is evident that they are virtually
identical. In particular, our results are inconsistent with a large
conformational reorganization of the portal gp1 proteins upon
binding gp4 (Zheng et al., 2008).

Zheng et al. (2008) describe conformation changes upon
binding of gp4 that include a widening of the central channel,
the appearance of a DNA scaffolding “dome” directly above
the central channel, and a dramatic reorientation of the stem
domain from a skewed to a vertical morphology. While we
note that Zheng et al. (2008) were working with a truncation
mutant that is missing the 123 C-terminal residues, we are not
convinced that such a truncation would result in the assembly
of an entirely novel structure that maintains functional binding
of gp4, but that behaves in a disparate manner to the wild-type.

The portal structures reported here, with and without gp4
association, are virtually identical in dimension and morphology.
The central channel does not widen, although the portal appears
to undergo a subtle conformational switch in the lowermost clip
region in order to accommodate the binding of gp4. A similar
transition is observed in the SPP1 portal structure, where the
clip domain widens in order to accommodate the binding of
the subsequent tail components. It is logical that a conforma-
tional switch would occur in this domain, as it is the binding
site of two very different components. Following assembly of
the P22 procapsid, the terminase complex binds to the portal
at this clip domain, and at the conclusion of headful packaging,
this site becomes the new binding site for gp4. The headful
sensing mechanism utilized by the portal likely changes the
conformation of the clip domain, lowering the binding affinity
for the terminase, and increasing its ability to bind gp4. In this
manner, the tail machine would not assemble prematurely before
the genome is packaged. We cannot describe the specifics of
the headful packaging mechanism on the basis of the recon-
structions shown here, but it may involve a subtle structural
signal that passes from the portal’s crown or wing to the clip
domain through the stem.
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Our results also differ from those of Zheng et al. (2008)
regarding the location of the C-terminal 123 residues in their
truncation mutant. They propose that this C-terminal portion of
the structure localizes to the upper wing domain of the portal
structure, but we believe that it is dynamic, not obeying rigid
12-fold symmetry, and is therefore disordered in the reconstruc-
tion. Although predicted to be high in helical content, the P22
portal protein after residues 577 was shown not to be necessary
for portal oligomerization by hydrogen-deuterium exchange
(Kang et al., 2008). These findings suggest that the C terminus
is a flexible domain that would not be resolved by single-particle
processing. On the basis of the similarity of the SPP1 crystal
structure and the P22 portal density, we believe that the upper
wing domain described by Zheng et al. (2008) as C terminus is,
in fact, a beta-sheet-rich domain from residues 472-526.

The assembled tail machine structure additionally questions
the validity of the dome-like structure observed by Zheng et al.
(2008) in their reconstructed gp1-gp4 complex. No significant
density appears above the central channel in the tail machine
reconstruction, although Zheng et al. (2008) state that this
dome-like density is among the strongest densities in their
reconstructed complex.

The portal and tail machine structures of various other Podo-
viridae have been described at moderate resolutions in asym-
metric cryoEM reconstructions of phages T7, phi29, epsilon15,
K1E, and K1-5 (Agirrezabala et al., 2005a; Jiang et al., 2006; Lei-
man et al., 2007; Tang et al., 2008; Xiang et al., 2006). Despite the
marked structural differences in the overall shapes of the tail
machines described by this collection of densities, it is possible
to pinpoint common features that are shared by them all. Aimost
all of the P22 tail components presented in this work have direct
structural analogs in these other virions, such that interactions
described here likely serve as a model for these other systems.
In all the Podoviridae reconstructions, the portal is always
evident within the capsid interior, and although they vary in
size and complexity, they all appear to contain a homologous
core domain. The utilization of differing packaging mechanisms
and a lack of portal sequence similarity between these phage
points to this core domain performing a common ancestral role
in DNA translocation. The tail machine assembles on the virion
through attachment of a smaller gene product at the base of
the portal. This attachment protein will likely have 12-fold
symmetry, matching the symmetry of the portal. Podoviridae
all have enzymatic tail spikes, although the numbers and
arrangements can differ between them. The P22 structure pre-
sented here clearly shows the attachment of six tailspikes in
a symmetric manner around the tail machine. Epsilon15 also
contains six tailspikes, although they deviate from a symmetric
arrangement around the tail, each tailspike adopting a slightly
different orientation (Jiang et al., 2006). The K1E and K1-5
phages contain a six-fold symmetric arrangement of their tail-
spike enzymes, although the tailspike content differs between
the two. K1E contains six endosialidase tailspikes, whereas
K1-5, which also contains six endosialidases, additionally incor-
porates six P22-like endorhamonidase tailspikes into its tail
structure (Leiman et al., 2007). The phi29 tail machine contains
twelve tailspike appendages surrounding the tailspike that, simi-
larly to epsilon15, deviates from the azimuthal symmetry (Tang
et al., 2008; Xiang et al., 2006). The symmetry of the remainder
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of the tail machine is likely dictated by the arrangement of tail-
spikes around the tail, since they attach to the tail machine at
the interface of two subunits (gp4 and gp10 in P22). While the
P22 gp26 needle does not have structural homologs in the other
Podoviridae reconstructions, it is likely that the gene products
present at the distal end of the tail machine play a similar dual
role of closing the tail machine channel to secure the genome
within the capsid, and in infection upon arrival at the host
surface.

The P22 tail machine architecture is a testament to nature’s
ability to multitask structurally. The portal, which occupies the
upper third of the structure, is used for DNA translocation, pres-
sure sensing, and genome injection. Using electron microscopy,
we have shown that the dynamic nature of this macromolecule
must function at a level that is much more subtle than previously
proposed. The base of the portal additionally sets the stage for
attachment of components that assemble via a series of
symmetry mismatches and asymmetries. Once assembled, the
tail machine is an incredibly stable structure, yet we know that
it must also be dynamic in order to act in signaling for genome
delivery upon attachment to a host cell. In conjunction with the
density presented in this work, future crystallographic studies
of gp1, gp4, and gp10 will reveal the specific molecular mecha-
nisms that define maturation, assembly, and infection events.
Given the structural similarities observed here between P22,
SPP1, and phi29, these mechanisms will more than likely intro-
duce common motifs employed by all dsDNA phage and herpes-
viruses.

EXPERIMENTAL PROCEDURES

Production and Purification of Samples

Cloning and purification of full-length His-tagged P22 gp1 protein was per-
formed as described elsewhere (Zheng et al., 2008). Intact P22 tail machines
were purified from mature virions as described elsewhere (Tang et al., 2005).

Specimen Preparation

Portals and tail machine particles were prepared for cryoEM analyses by pres-
ervation in vitreous ice over a holey carbon substrate via rapid freeze plunging.
Holey carbon films consisted of a layer of pure carbon fenestrated by two-
micron holes spaced four microns apart overlaid on a 400 mesh copper
grid. These grids were developed at NRAMM and are currently available
from Protochips Inc. as “C-flats.” A plasma cleaner (Gatan, Inc.) was used
to clean the grid surface prior to freezing using a mixture of 75% argon and
25% oxygen for 10 s. A 3 ul aliquot of sample was applied to the grids, which
were loaded into an FEI Vitrobot (FEI Company) that was set to 4°C, 100%
humidity, and a blot offset of —2. Grids were blotted for 6 s and immediately
plunged into liquid ethane. Grids were stored at liquid nitrogen temperatures
until loaded into the microscope for data collection.

Assembly-Naive Portal Data Collection and Reconstruction

Data were acquired using a Tecnai F20 Twin transmission electron microscope
operating at 120 keV, using a dose of ~18 e-/A? and a nominal underfocus
ranging from —2.5 to 3.4 um; 1075 images were automatically collected at
a nominal magnification of 80,000 x at a pixel size of 0.098 nm at the specimen
level. All images were recorded with a Tietz F415 4 x 4 K pixel CCD camera
(15 um pixel) utilizing the Leginon data collection software (Suloway et al.,
2005). Experimental data were processed by the Appion software package,
which interfaces with the Leginon database infrastructure (Lander et al.,
2009). The contrast transfer function (CTF) for each micrograph was estimated
using the Automated CTF Estimation (ACE) package (Mallick et al., 2005);
101,244 particles were automatically selected from the micrographs using
a template-based particle picker (Roseman, 2004) and were extracted at

a box size of 288 pixels. Only particles whose CTF estimation had an ACE
confidence of 80% or better were extracted. Phase correction of the single
particles was carried out within EMAN during creation of the particle stack,
and the particles were subsequently centered using the EMAN program “cen-
alignint.” Stacked particles were binned by a factor of 2 for the final recon-
struction. The final stack contained 73,940 particles.

As a result of the heterogeneous symmetry of the sample, it was necessary
to avoid any symmetry bias during the reconstruction, so the portal density
was extracted from the low-resolution asymmetric P22 virion reconstruction
(Lander et al., 2006) and radially averaged to remove all symmetry. This radially
averaged model was used as the starting point for both the 11- and 12-fold
reconstructions. The 3D reconstruction was carried out using a combination
of both the SPIDER and EMAN reconstruction packages (Frank et al., 1996;
Ludtke et al., 1999). The same stack, initial model, and parameters were
used for both 11- and 12-fold reconstructions, except for the imposed
symmetry during the reconstruction. Creation of projections of the 3D model
and subsequent classification of the particles was performed by EMAN, after
which a SPIDER script was employed to perform a reference-free hierarchical
clustering analysis of the particles in each class. The resulting SPIDER class
that exhibited the highest cross-correlation value to the corresponding model
projection was used in the creation of the 3D density for the following iteration.
With this methodology, 30.6% of the initial stacked particles contributed to the
final 11-fold reconstructed density, and 32% contributed to the 12-fold
density. Resolution was assessed by calculating the FSC at a cutoff of 0.5,
which provided a value of 7.1 and 6.9 A resolution for the 11- and 12-fold parti-
cles, respectively (van Heel and Harauz, 1986). Calculation of the resolution by
rmeasure (Sousa and Grigorieff, 2007) at a 0.5 cutoff yielded a resolution of 8.8
and 8.6 A for the 11- and 12-fold particles, respectively.

Tail Machine Data Collection and Reconstruction

Data were acquired using a Tecnai F20 Twin transmission electron microscope
operating at 120 keV, using a dose of ~18 e-/A% and a nominal underfocus
ranging from 1.2 to 2.9 um; 595, 1512, and 1683 images were automatically
collected during three sessions at a nominal magpnification of 50,000 x at a pixel
size of 0.163 nm at the specimen level. All images were recorded and pro-
cessed using the same techniques as for the portal particles, except that
particle selection was performed using an algorithm based on a difference
of gaussians (Voss et al., 2009); 358,893 particles were extracted at a box
size of 384 pixels and binned by a factor of 2 for the final reconstruction.
The tail machine density was extracted from the asymmetric P22 reconstruc-
tion (Lander et al., 2006) and low-pass filtered to 30 A resolution for use as an
initial model. The 3D reconstruction was carried out using the same method-
ology as the portal reconstructions, enforcing 6-fold symmetry instead of
12 or 11. No additional symmetry was imposed on any of the components in
the final density. Resolution was assessed by calculating the FSC at a cutoff
of 0.5, which provided a value of 9.8 A resolution. Calculation of the resolution
by rmeasure (Sousa and Grigorieff, 2007) at a 0.5 cutoff yielded a resolution of
9.4 A,

The density Fourier amplitudes of all final reconstructions were adjusted
to fit an experimental 1D low angle X-ray scattering curve using the SPIDER
software package (Frank et al., 1996). UCSF Chimera was utilized for segmen-
tation of the individual subunits from the reconstructed density and creation of
figure images (Goddard et al., 2007).

SPP1 Modeling

The crystal structure of the SPP1 portal (PDB entry 2JES) subunit was manu-
ally docked into the segmented P22 EM density and refined in real-space using
the fitting tool of UCSF Chimera (Goddard et al., 2007). The helices of the fitted
model were subjected to real space refinement using the program Coot
(Emsley and Cowtan, 2004), with the torsion, planar, ramachandran, and alpha
helix restraints enabled. The C terminus of the SPP1 structure was manually
fitted into the EM density as a rigid body. The entire model was relaxed in
centroid followed by full-atom mode with the program Rosetta (Rohl et al.,
2004). Constraints were used during the Rosetta run to limit the movement
of the Ca atoms to 0.25 A from the original position. The resulting model
was then subjected to flexible fitting using the Flex-em module of Modeler
(Topf et al., 2008). This procedure was repeated until the Modeler score re-
frained from improving. The cross-correlation value for the docked models
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in Chimera before and after modeling into the SPP1 crystal structure EM
density increased from 0.18 to 0.43.

ACCESSION NUMBERS

Density maps of the 11- and 12-fold assembly-naive portals have been depos-
ited at the Electron Microscopy Data Bank (EMDB) and assigned reference
codes EMDB-5050 and EMDB-5049, respectively. The assembled tail
machine density has been deposited with the accession code EMDB-5051.

SUPPLEMENTAL DATA

Supplemental data include six figures and can be found with this article online
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