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Coat proteins of tailed, dsDNA phages and in herpesviruses include a conserved core similar to the bacterio-
phage HK97 subunit. This core is often embellished with other domains such as the telokin Ig-like domain of
phage P22. Eighty-six P22-like phages and prophages with sequenced genomes share a similar set of virion
assembly genes and, based on comparisons of twelve viral assembly proteins (structural and assembly/pack-
aging chaperones), these phages are classified into three groups (P22-like, Sf6-like, and CUS-3-like). We used
cryo-electron microscopy and 3D image reconstruction to determine the structures of Sf6 procapsids and vi-
rions (~7 A resolution), and the structure of the entire, asymmetric Sf6 virion (16-A resolution). The Sf6 coat
protein is similar to that of P22 yet it has differences in the telokin domain and in its overall quaternary or-
ganization. Thermal stability and agarose gel experiments show that Sf6 virions are slightly less stable than
those of P22. Finally, bacterial host outer membrane proteins A and C were identified in lipid vesicles that
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co-purify with Sf6 particles, but are not components of the capsid.

Procapsid Published by Elsevier Inc.
Virion
Introduction with this fold often share 10-15% or less sequence identity, yet they

The polypeptide backbones of the major coat proteins (CPs) of eu-
karyotic viruses and bacteriophages adopt a small number of unique
folds, which is noteworthy since viral pathogens infect hosts in all
kingdoms of life. Conservation of CP fold suggests that the assembly
of viable virus shells is tightly controlled by a small set of specific con-
formations and inter-subunit interactions. The CPs are the protein
building blocks that form the icosahedral and prolate shells of tailed,
dsDNA-containing bacteriophages and members of the eukaryotic
Herpesviridae family such as herpes simplex virus 1 (HSV-1), and
these CPs share the “HK97-core” fold. This refers to the structure
adopted by the 282 residue CP of bacteriophage HK97 (Fig. 1A, PDB
ID 10HG), whose capsid structure was the first of any tailed bacterio-
phage to be solved by X-ray crystallography (Wikoff et al., 2000). CPs

Abbreviations: a.a., amino acid, cryoEM, cryo electron microscopy; CP, coat protein;
3D, three-dimensional; gp, gene product; omp, outer membrane protein.
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exhibit several common features. These include a long (~20-30 a.a.)
“spine helix”; an N-arm domain that can have a-helical content; a
long, two-stranded (3-sheet P-domain; and an A-domain with 4-6
loops and 2-4 helices and sometimes with 1-3 [-strands. Some
HK97-like CPs have evolved an additional, surface-exposed protru-
sion that often consists of an Ig-like domain (Bamford et al., 2005;
Morais et al., 2005; Parent et al., 2010a). The major CP of HSV-1
(1374 a.a.) displays even more elaborate additions to its HK97-core
(Baker et al., 2005; Bamford et al., 2005). Thus, extensive surface
modifications can be tolerated without compromising the ability of
these proteins to assemble into functional virions. All viruses with
HK97-like CPs assemble into intermediate, precursor structures called
“procapsids”. The genome is packaged into these procapsids, and in
the case of tailed phages this is followed by the addition of the tail
machinery.

P22, a dsDNA bacteriophage (family Podoviridae), has long
served as an informative model system for exploring how phages
and viruses utilize this basic assembly strategy (Casjens and
Weigele, 2005; Prevelige, 2006; Prevelige and King, 1993; Teschke
and Parent, 2010). There are currently 86 members of the P22-like
phage group that have syntenic and largely homologous sets of
twelve essential virion assembly genes. Casjens and Thuman-
Commike (2011) classified the CPs of these “closely related” phages
into three distinct types represented by P22 (Zinder and Lederberg,
1952), Sf6 (Gemski et al., 1975), and CUS-3 (Casjens and Thuman-
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Fig. 1. 3D cryo-reconstructions of Sf6 and P22 procapsids. A. (Left) Ribbon diagram of
HK97 CP (PDB ID 10HG) color-coded to highlight domain organization. (Right) Seg-
mented density for one CP subunit from the P22 procapsid cryo-reconstruction
(transparent gray density, EMDB ID 5150) with a fitted ribbon diagram from the
pseudo-atomic model of the P22 CP (PDB ID 3IYH) (Parent et al., 2010a). The telokin
domain (absent in HK97) is highlighted in magenta. The HK97 and P22 subunit
models are aligned with respect to their spine helices. B. Micrograph of an
unstained, vitrified sample of Sf6 procapsids. C. Equatorial slabs (1 pixel, or ~1A
thick) through the Sf6 (left half) and P22 (right half) procapsid density maps (fea-
tures of highest and lowest density are depicted in black and white, respectively).
The red arrow points to a solvent accessible channel in the Sf6 procapsid. D. Radially
color-cued, surface representations of the Sf6 and P22 procapsid structures. For clar-
ity, only the front (left pair) and back (right pair) quadrants of each structure are
shown. The view direction in each pair is along an icosahedral two-fold axis of sym-
metry. Scale bar in panel (C) also refers to panel (D). E. Close-ups of the penton in
Sf6 (left) and in P22 (right), each viewed along an icosahedral five-fold axis. The
density maps in panels D and E were scaled and rendered at the same threshold,
which highlights the closed verses open axial channels in Sf6 and P22, respectively.

Commike; King et al., 2007). However, the assembly pathway and
virion structure have only been studied in detail for P22 (Casjens
and Thuman-Commike, 2011; Prevelige, 2006). In this study, we

Table 1

Sf6 and P22 virion assembly proteins.
Gene product Common name Residues % identity®
Sfe P22 Sfe P22
1 3 Small terminase subunit 140 162 12
2 2 Large terminase subunit 470 499 15
3 1 Portal protein 708 725 30
4 8 Scaffolding protein 294 303 15
5 5 Coat protein 423 430 14
7 4 Tail protein 160 166 35
8 10 Tail protein 472 472 93
9 26 Tail needle 282 233 35
11 7 Ejection protein 230 229 82
12 20 Ejection protein 431 471 33
13 16 Ejection protein 665 609 32
14 9 Tailspike-endorhamnosidase 623 667 25

2 Some values from Casjens and Thuman-Commike (2011).

determined the structures of Sf6 procapsids and virions. Most of
the assembly proteins of Sf6 have amino acid sequences that are
quite divergent from those of P22 (Table 1) (Casjens et al., 2004).
For example, the large terminase subunits, portal proteins, and CPs
of P22 and Sf6 share only about 15%, 30%, and 14% identity, respec-
tively. High-resolution, X-ray crystallographic structures have been
determined for three of the twelve Sf6 virion assembly proteins.
These include the receptor-binding domain of the tailspike protein
(gp14) (Muller et al., 2008), the small terminase (gp1) (Zhao et
al.,, 2010), and the knob domain of the tail needle (gp9) (Bhardwaj
et al.,, 2011).

Many phages, including Sf6, encode virulence factors that are
expressed from the prophage in bacteria (Boyd and Brussow,
2002; Canchaya et al., 2004; Casjens and Hendrix, 2005; Cheetham
and Katz, 1995). These factors can increase the fitness of the host
by changing its surface characteristics, such as, for example, by af-
fecting the composition of the external lipopolysaccharide layer
(Allison and Verma, 2000; Banks et al., 2002; Broadbent et al.,
2010). Such alterations can protect the bacterium from attack by
other bacteriophages or the eukaryotic host's immune system. Sf6
infects the human pathogen, Shigella flexneri, and, in the prophage
state it affects the host's pathogenicity by encoding an acetylase
that alters the external O-antigen polysaccharide (Clark et al.,
1991; Verma et al., 1991). Shigella cause bacillary dysentery (“shig-
ellosis”), and some strains cause 10-15% fatality. Shigella includes
four subgroups (Liu et al., 2008), and the most frequent isolate, S.
flexneri, is present in ~60% of shigellosis cases (Yang et al., 2005).
Transmission of S. flexneri occurs via the fecal-oral route and
~165 million cases occur annually (Kotloff et al., 1999). Bacillary
dysentery typically affects children, but individuals with compro-
mised immune systems such as AIDS patients are highly susceptible
to S. flexneri infection (Kotloff et al., 1999). Shigella is quite virulent,
as evidenced by the striking statistic that ingestion of as few as 10
bacteria is sufficient to induce shigellosis. The fact that Sf6 interac-
tion with S. flexneri could result in a more dangerous human patho-
gen is a stimulus to investigate it in more detail.

In this study we have used cryo-electron microscopy (cryoEM)
and three-dimensional (3D) image reconstruction to explore Sf6 viri-
on structure and assembly. We computed icosahedrally-symmetrized
cryo-reconstructions of Sf6 procapsids and mature particles at sub-
nanometer resolutions. In addition, we determined the structure of
the entire, asymmetric Sf6 virion at a moderate resolution (~16 A).
We show that Sf6 has a “tail machine” and extended portal “barrel”
quite similar to P22 (Olia et al., 2011; Tang et al., 2011). Furthermore,
the Sf6 CP has the conserved, HK97-like core and a surface-exposed,
telokin domain (Fig. 1A). Despite showing overall morphological sim-
ilarity, the CPs of Sf6 and P22 exhibit distinct differences in tertiary
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structure and inter-subunit contacts, and the Sf6 capsid is slightly less
stable than that of P22.

Results
Sf6 procapsid structure

Sf6 procapsids harvested from phage-infected cells (see Materials
and methods) were vitrified and imaged under standard cryoEM con-
ditions (Fig. 1B) (Baker et al., 1999). Image preprocessing and icosa-
hedral reconstruction methods were performed as described by
Parent et al. (2010a). In brief, 139 transmission electron micrographs
were recorded, and 6851 particle images were included in the final
3D reconstruction at an estimated resolution of 7.8 A (Table 2). Den-
sity for procapsid components that do not strictly follow the icosahe-
dral symmetry of the CP, such as the portal protein complex, the
ejection proteins, and all or most of the scaffolding proteins, was re-
duced to an insignificant level in the cryo-reconstruction as a result
of the icosahedral averaging imposed during the image processing
procedures. The gross morphology of the Sf6 procapsid is quite simi-
lar to the P22 procapsid shell that lacks scaffolding protein (EMDB ID
5149) (Parent et al., 2010a) and both exhibit T=7 laevo symmetry.
Sf6 and P22 CP shells are similar in diameter and their CPs both
have a distinct protrusion on the outer surface. The CPs in both shells
are organized as oligomers (“capsomers”), 12 of which are pentamers
(“pentons”) and 60 of which are hexamers (“hexons”) (Fig. 1D). Hex-
ons of the Sf6 procapsid are skewed significantly and exhibit two-fold
rather than six-fold symmetry. This hexon skewing is similar to that
seen in P22 (Thuman-Commike et al., 1996), T7 (Agirrezabala et al.,
2005), N (Dokland and Murialdo, 1993), HK97 (Conway et al.,
1995), 80 (Spilman et al., 2011), and HSV-1 (Trus et al.,, 1996).
Though the Sf6 and P22 procapsids share many common structural
features, closer inspection of the details of the cryo-reconstructions
reveals numerous, significant differences.

The Sf6 procapsid cryo-reconstruction contains many tube-shaped
density features, consistent with the presence of a-helical secondary
structural elements. These and other clearly-defined features indicate
that the CP subunits of Sf6 have an HK97-like core, but the overall
shape and tertiary structure of the subunit differs from that seen in
the P22 procapsid (Figs. 2A and B). For example, when the Sf6 and
P22 procapsid CP structures were aligned with respect to the spine
helices, two distinct differences became obvious. First, the Sf6 P-
domain has inter-capsomer contacts at the icosahedral two-fold sym-
metry axes that are far less extensive than those in P22. Second, the
surface-exposed, telokin domain in Sf6 adopts a different orientation
relative to that seen in P22, and this results in quite extensive, intra-
capsomer subunit contacts (between telokin domains) that are ab-
sent in P22.

Substantial differences in the quaternary structures of Sf6 and P22
procapsids are evident in radial density projections (Fig. 3). For exam-
ple, these show the disposition of the high radius, CP protrusions in
pentons (r=297 A) and hexons (r=283 A). In Sf6, the telokin do-
mains adopt a different rotational orientation compared to P22,
which results in dramatic changes in intra-capsomer contacts
(r=275A). As a consequence, the axial hole in Sf6 hexons is smaller

Table 2
Reconstruction statistics.

Symmetry Sample Micrographs Images® Defocus  Pixel Resolution

applied (um)® size (A) (A)°
532 Procapsids 139 6851 0.58-4.61 1.07 7.8
532 Virions 469 15483 0.53-3.95 1.07 7.0
1 Virions 611 16,253 0.10-4.61 2.14 16.0

2 Number of boxed particles used in each image reconstruction.
b Range of objective lens underfocus settings for micrographs.
¢ Estimation based on FSCy s criterion (van Heel and Schatz, 2005.)

A

Sf6

P22

P22 overlay

Fig. 2. The folds of Sf6 and P22 CPs are similar. A. Stereo views of hexons in Sf6 and P22
procapsids with the density envelope of a single subunit in each highlighted in cyan. B.
Segmented density envelopes of individual CPs from Sf6 (cyan, solid density) and P22
(black mesh), and the two aligned with respect to the spine helices and superimposed
using Chimera (Goddard et al., 2007).

than that in P22 (Fig. 2), and the penton is completely closed in Sf6
but is open in P22. The latter difference, however, is more likely at-
tributed to changes in the A-domain than to changes in telokin orien-
tations (Figs. 1E and 2).

Substantial differences in inter-capsomer contacts between Sf6
and P22 create a more porous shell in Sf6, and this is especially evi-
dent at the interfaces between hexons at both the local and strict
two-fold axes of symmetry (Figs. 1D and 2). However, contacts be-
tween Sf6 subunits are most extensive at the quasi- and strict
three-fold axes of symmetry as was observed in P22, where it was hy-
pothesized to be a major contributor to overall capsid stability
(Parent et al., 2010a). Lastly, the putative N-terminal arm domain
and spine helix in Sf6, when compared to P22, lie at a steeper angle
to the inner surface of the capsid shell and protrude further towards
the particle center (Figs. 1E and 3, r=242 A).

P22 scaffolding protein is recycled through multiple rounds of
procapsid assembly (Casjens et al., 1985; King and Casjens, 1974),
and after each round intact scaffolding protein likely exits via the
axial holes in CP hexons during maturation (Prasad et al,, 1993). It
is not yet known if Sf6 scaffolding protein is recycled like that of
P22 or whether it might be proteolyzed during maturation. Scaffold-
ing proteins are removed by proteolysis in many phages, but in
those cases a recognizable protease gene is carried by the phage.
There is no evidence for a protease gene in Sf6 or an autoproteolysis
region of its scaffolding protein (Casjens et al., 2004). Although the
holes in Sf6 procapsid shells are not as large as those of P22, they
are more porous than HK97 and HSV-1, which proteolyze their scaf-
folds (Brown and Newcomb, 2011; Huang et al., 2011). Therefore,
we predict that the Sf6 scaffolding protein will exit the procapsid in-
tact and be recycled. Little if any density inside of the Sf6 procapsid
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Fig. 3. Radial density projections of Sf6 and P22 procapsids. Projected density distribu-
tions at different radii illustrate similarities and differences in the tertiary and quater-
nary structures of the two procapsids. Each projection shows the density contained
within a spherical ~1-A thick annulus. Individual telokin domains are highlighted
(black circles) in Sf6 and P22 in a penton (r=297 A) and in a hexon (r=283 A).

reconstruction can be assigned with confidence to the scaffolding
protein (gp4; 33.5 kDa). This likely indicates that the scaffold is
not organized with the icosahedral symmetry that was imposed
during the reconstruction process. This is also true of P22 procap-
sids; however, a recent 3.8 A resolution P22 procapsid density map
suggested that a “V-shaped” volume of density represents the C-

terminal 65 residues of the P22 scaffolding protein (gp8; 33.6 kDa)
(Chen et al., 2011; Sun et al., 2000). More thorough biochemical
analysis will be needed to confirm the precise identity of this densi-
ty in Sf6.

Secondary structure predictions for the CPs of Sf6 and P22, as de-
termined with PSIPRED (McGuffin et al., 2000) (GenBank accession
Nos. Sf6, AF547987; P22, BK000583), support the notion that the
two subunits are quite similar despite being only ~14% identical in se-
quence (Fig. 4). We also analyzed the sequence of the Sf6 CP using
FFASO03, a fold and function assignment system used to identify and
quantify homology between proteins with ~30% or less sequence
identity (Jaroszewski et al., 2005). The top match for the Sf6 CP was
a pseudo-atomic model of the P22 CP (PDB ID 3IYH) (Parent et al.,
2010a) (Table 3). Additional hits with lower, albeit reliable, scores in-
cluded the CPs of other dsDNA bacteriophages that share HK97-like
structural elements as well as the human FC gamma receptor, which
has an Ig-like fold similar to telokin (Table 3). Despite these predicted
similarities between Sf6 and P22, detailed homology modeling of the
Sf6 CP proved to be problematic. First, two models of the P22 CP have
been reported that differ primarily in the interpretation of the C-
terminal ~130 residues (Chen et al., 2011; Parent et al., 2010a). Sec-
ond, there is no reliable way to constrain or confirm the modeling
process given the current paucity of biochemical and biophysical
data for the Sf6 CP.

Despite the high conservation of secondary structural elements in
the P22 and Sf6 CPs, the two procapsids exhibit clear differences in
tertiary and quaternary structures, which must be dictated by the
large differences in the amino acid sequences. Indeed, the two pro-
teins have very different isoelectric points (pl) of 6.09 and 4.97 for
Sf6 and P22, respectively, as determined by the ProtParam server
(Gasteiger et al., 2005). Such differences are consistent with the
slower mobilities of Sf6 procapsids and virions compared to P22 in
agarose gels, which reflect the surface charge differences between
particles with very similar sizes and masses (described below).

Icosahedral 3D reconstruction of Sf6 virion

An icosahedrally-averaged, 3D cryo-reconstruction of the Sf6 viri-
on was computed from 15,483 particle images, yielding a density map
of the mature Sf6 head structure at an estimated resolution of 7.0 A
(Table 2; Materials and methods). As was also true for the procapsid,
the overall morphologies of the mature Sf6 and P22 heads are similar
but they differ in detail. The dsDNA genome is tightly packed inside
the Sf6 capsid within a series of discrete, concentric shells (at least
six are visible in Fig. 5A). Dense packing of the genome is found in
P22 and other tailed dsDNA phages and herpesviruses (Johnson and
Chiu, 2007). The Sf6 CP appears to contact the outermost shell of
the genome (Fig. 5A) in a manner similar to that seen in bacterio-
phage $29 (Tang et al., 2008), but in P22 the CP does not appear to
directly contact the genome. Though CP-DNA interactions in Sf6
and $29 may help stabilize the highly condensed genome, additional
experimental evidence is needed to verify this hypothesis and to ex-
plain why P22 appears to lack such interactions.

Differences between the structures of the procapsid and phage
head provide one means to explore the process by which the CP
shell matures (expands) when procapsids convert into virions. Matu-
ration in the well-studied HK97 system involves dramatic move-
ments of the spine helix and N-arm, which lead to considerable
thinning and increased stability of the capsid shell (Gertsman et al.,
2009). P22 maturation includes conformational changes similar to
those of HK97, and also movements of the A-domain close off the
axial holes present in the procapsid capsomers (Teschke and Parent,
2010). In Sf6, maturation also involves wall thinning and shell expan-
sion (Sf6 virions have an ~90 A larger maximum diameter than pro-
capsids). The axial holes of the Sf6 hexons become occluded in
virions (Fig. 5B), whereas the pentons are occluded prior to
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Fig. 4. Secondary structure predictions for the CPs of Sf6 and P22. The PSIPRED server (McGuffin et al., 2000) was used to predict the secondary structures of the CPs of Sf6 and P22.
Regions of the CPs that correspond to predicted helices and 3-strands are depicted as cylinders and arrows, respectively. Regions that correspond to the HK97-like fold and the
telokin domain, as defined by a pseudo-atomic model of P22 (Parent et al., 2010a), are shown as green and magenta lines, respectively. Charged residues in the N-arm are marked

by ovals (red for acidic and blue for basic).

maturation (above; Fig. 1E). The spine helix and putative N-arm in
the Sf6 CP rearrange during maturation (data not shown), and move-
ments of these structural elements are similar to those observed dur-
ing P22 maturation (Parent et al., 2010a). In P22, the N-arm domain
of CP has been suggested to provide a binding site for scaffolding pro-
tein, and its conformation switches during dsDNA packaging, likely
triggering release of the scaffolding proteins (Chen et al, 2011;
Parent et al., 2010a). In spite of large differences in sequence, the
highly charged CP N-termini and scaffolding protein C-termini in
P22 and Sf6 suggest that the N-arm in the Sf6 CP functions similarly
in assembly and maturation.

Asymmetric cryo-EM reconstruction of the Sf6 virion

The structure of the Sf6 virion was also reconstructed without im-
posing any symmetry during the image processing (Fig. 6A). This
asymmetric reconstruction, computed from 16,253 particle images
and reaching an estimated 16-A resolution (Table 2), includes reliable
structural details for the dodecameric portal complex (gp3) and the
tail machine, which contains twelve gp7 and six gp8 subunits, six tail-
spikes (each a trimer of gp14), and the tail needle (trimer of gp9). A
central density section of the Sf6 virion shows the organization of
many virion components (Fig. 6B). These include the CP shell (415
copies of gp5), the concentric layers of densely packed dsDNA ge-
nome, the portal complex at the unique vertex at the junction be-
tween capsid and tail, and the tail machine. We docked the crystal
structure of the receptor-binding domain of one Sf6 tailspike trimer
(PDB ID 2VBK (Muller et al., 2008)) as a rigid body into the density
map. In addition, we also fit the known structures of Sf6 orthologs
from phage P22 (Fig. 6C). These included the crystal structures of
the complete dodecameric portal complex (PDB ID 3LJ4 (Olia et al.,
2011)), a trimeric tail needle homology model (seen in Fig. 5B of
(Bhardwaj et al., 2011) that includes the crystal structure of the Sf6
tail needle (gp9) knob (PDB ID 3JR0)), the P22 gp4 tail protein (PDB
ID 1VTO (Olia et al.,, 2011)), and the segmented density of the P22
gp10 tail protein (EMDB ID 5051) extracted from a cryo-

Table 3

FFASO3 results.
Score PDBID Protein # residues
—101 3IYH (Parent et al.,, 2010a) P22 CP 430
—45  2XVR (lonel et al., 2011) Phage T7 CP 345
—42  2XD8 (Liu et al., 2010) Cyanophage P-SSP7 CP 375
—6 10HG (Wikoff et al., 1999) HK97 CP (mature state) 282

—6 3E8K (Gertsman et al., 2009) HK97 CP (prohead II state) 273
—4 1E4] (Sondermann et al., 2000) Human FC gamma receptor 176

A

overlay

Fig. 5. Comparisons of icosahedrally-averaged capsids of Sf6 and P22 virions. A. Equatorial
density section from the Sf6 virion cryo-reconstruction, with features of highest and low-
est density depicted in black and white, respectively. Rectangular box outlines the region
of Sf6 shown as a surface-rendered slab at top right. The corresponding region of P22 is
shown at the bottom right. B. Stereo views of hexons with a CP monomer in each view
shown in cyan, highlight notable differences in the tertiary structures of the CPs in Sf6
and P22. C. Segmented density envelopes of individual CPs from Sf6 (cyan, solid density)
and P22 (black mesh), and the two aligned with respect to the spine helices and superim-
posed using Chimera (Goddard et al., 2007).
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gp4
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tailspike

tail needle/knob

Fig. 6. Sf6 virion structure. A. Shaded-surface representation of the Sf6 virion, reconstructed by asymmetric methods to an estimated resolution of 16 A. B. Equatorial, cross-section
(1 pixel, or ~2.1 A thick) from the Sf6 virion density map shown in A, with highest and lowest density features depicted in black and white, respectively. The rectangular box out-
lines the region of the virion map enlarged in C. C. Sf6 virion density map (gray mesh) plus the fitted crystal structures of the Sf6 tailspike (orange; PDB ID 2VBK), the P22 gp1 portal
(red; PDB ID 31j4), the P22 gp4 tail protein (pink; PDB ID 1VTO0), the Sf6 tail needle homology model, and the segmented density for the P22 gp10 tail protein (blue; EMDB ID 505)

extracted from the tail machine cryo-reconstruction of Lander et al. (2009).

reconstruction of the isolated P22 tail machine (Lander et al., 2009).
All of these virion components, which are similar in size in Sf6 and
P22 (Table 1), were fit without remodeling into the Sf6 density
map. Hence, the Sf6 and P22 virions have quite similar structures
overall. The Sf6 portal structure closely mimics that observed in P22
virions, and includes the long barrel domain that was hypothesized
to be present in many other tailed phages (Olia et al., 2011; Tang et
al., 2011). The central channel of the barrel domain appears to contain
a linear stretch of DNA. In Sf6, the barrel is at least 80% the height of
the P22 barrel, but, at the current resolution of our virion cryo-
reconstruction, we cannot unambiguously determine the full extent
of the Sf6 barrel because this portion is masked by what appears to
be disordered genome density near the center of the phage head. Fi-
nally, as remains true for P22, we were unable to locate density in
the virion reconstruction that could be assigned unambiguously to
any of the three ejection proteins.

OmpA and OmpC are not components of Sf6 procapsids or virions

Recently, an ~20-A resolution, icosahedrally-averaged cryo-
reconstruction of the Sf6 virion was determined in which density fea-
tures adjacent to the inner surface of the CP shell were interpreted as
arising from S. flexneri, host-encoded, major outer membrane pro-
teins OmpA and OmpC (36 and 32 molecules, respectively) (Zhao et
al.,, 2011). This interpretation was based on two observations. First,
OmpA and OmpC were identified by SDS-PAGE and mass spectrome-
try in preparations of Sf6 phage particles that had been purified
through CsCl step gradients. Second, an Sf6 minus P22 virion density
difference map showed the presence of positive difference density.
OmpA and OmpC were also present in our preparations of virions
that were purified on a CsCl step gradient from Sf6-infected Shigella.
N-terminal sequencing and mass spectrometric analyses of these pro-
teins (the two SDS-PAGE bands labeled “?” in part A of Fig. 2 of
Casjens et al., 2004) confirmed that they were OmpA and OmpC.
However, we found no evidence for the putative Omp protein density
in any of the three Sf6 cryo-reconstructions presented here. We do
not see any features in the 3D density maps that correspond to a 3-
barrel in the positions reported by Zhao et al. (2011) (B-barrel struc-
tural elements are common to OmpA and OmpC; PDB IDs 1QJP and
2J1N (Basle et al., 2006; Pautsch and Schulz, 2000)). When we calcu-
late an Sf6 minus P22 difference density map similarly to Zhao et al.
(2011), but using our 7 A resolution data, we do see positive differ-
ence density in the same places as they observed. However, the

higher-resolution achieved in our structures, combined with prior
knowledge of the P22 CP fold (Parent et al., 2010b) allows us to define
the molecular envelope of the Sf6 CP, and it appears that the observed
differences result from quaternary structural differences between Sf6
and P22 (discussed above).

To unequivocally determine if OmpA and/or OmpC are compo-
nents of Sf6, we used native agarose gel electrophoresis to separate
the Sf6 procapsid and virion products from phage infected cells (see
Materials and methods). The gels showed two distinct bands and a
significant amount of material that remained in the well (Fig. 7A).
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Fig. 7. Omps A and C are not associated with assembled particles. A. Coomassie-stained
agarose gel showing P22 procapsids as a control (left lane) and assembly products from
an Sf6 infection (right lane). B. SDS gel of the Sf6 sample shown in panel A, stained with
Coomassie (W = well; MWM = molecular weight marker). C. Silver-stained SDS gel of
material extracted from band 2 (from gel shown in A), enlarged to emphasize the sep-
aration between the scaffolding protein (“s”) and CP bands (“c”). D. Cryo-electron mi-
crograph of a representative Sf6 virion that appears to be docked to a lipid vesicle that
co-purified with virions in a CsCl gradient. E. Coomassie-stained agarose gel of Sf6 vi-
rions from a Triton X-100 titration. Increasing amounts of the material associated
with the well in the first lane (marked “0%”) enter the gel as the detergent concentra-
tion increases (arrow points to this material in lane 5).
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As determined by ethidium bromide staining, the slower migrating
band (band 1) contained dsDNA and the faster migrating band
(band 2) did not (data not shown). We used SDS-PAGE and mass
spectrometry to identify proteins in each band and in the well
(Materials and methods). Bands 1 and 2 and the well were excised
from the agarose gel, and the proteins were TCA-precipitated and vi-
sualized by SDS-PAGE (Fig. 7B). The major components in the wells
corresponded to OmpA and OmpC and Sf6 phage proteins were
minor components. Band 1 contained all of the expected Sf6 virion
proteins. Although Coomassie staining only revealed CP in band 2
(Fig. 7B), silver staining revealed the presence of all expected procap-
sid proteins (Fig. 7C). The Sf6 scaffolding protein migrates very near
to CP in SDS-PAGE (Fig. 7C) despite substantial differences in their
predicted molecular masses (Table 1). Slower than expected mobility
has been reported for scaffolding proteins in phages T7 (Cerritelli and
Studier, 1996) and Syn5 (Raytcheva et al., 2011), and this was attrib-
uted to the large number of charged residues, extended conforma-
tions, and low theoretical pls (4.3 and 4.1, respectively, for T7 and
Syn5). The theoretical pl of the Sf6 scaffolding protein is 4.6, which
may explain its SDS-PAGE mobility. Several different types of purifi-
cation and separation procedures were performed (CsCl purified,
CHCl; extracted, size exclusion chromatography (SEC) purified +/—
detergent, and sucrose gradient purified), and in all instances OmpA
and OmpC remained in the wells after agarose electrophoresis of
the particles. Finally, we constructed mutant S. flexneri strains that
lack either the ompA or ompC gene (see Materials and methods). Sf6
propagates in both of these mutant hosts, and OmpA or OmpC is
missing from virion preparations grown in ompA- or ompC-hosts, re-
spectively (data not shown). All the above findings demonstrate quite
convincingly that neither protein is required for Sf6 virion formation
and neither is present in Sf6 virions. However, the source of these
proteins and the reason why they co-purify with Sf6 particles
remained unknown.

Sf6 virions from Shigella lysates show, even after CsCl step gradi-
ent purification, a few percent of particles with their tails apparently
attached to host-derived membrane vesicles (Fig. 7D). P22 particles
prepared from Salmonella lysates (as well as several other P22-like
phages) do not show such attached vesicles (data not shown). We hy-
pothesize that OmpA and OmpC present in the vesicles in the Shigella
lysate accounts for them being contaminants in the purified phage
samples. To test this idea further, we treated the Sf6 samples with in-
creasing amounts of Triton X-100 and examined the products by aga-
rose gel electrophoresis and mass spectrometry. At levels of Triton X-
100 exceeding 0.1%, conditions under which Sf6 virions remain intact,
material retained in the agarose gel wells decreased, and a new,
slower-migrating band appeared (arrow in Fig. 7E). Mass spectrome-
try analysis of this band revealed that it contained several S. flexneri,
membrane-associated proteins, with the major components being
OmpA and OmpC. We conclude that detergent liberates OmpA and
OmpC from the lipid vesicles that co-purify with Sf6 virions, and
that the material trapped in the wells of the agarose gels (Figs. 7A
and E) represents the virion-vesicle complexes seen by cryoEM.

Sf6 is slightly less stable than P22

Products obtained after heat-treatment of P22 virions and procap-
sids have been examined by agarose gel electrophoresis to monitor
the thermal-induced changes in these particles (Parent et al.,
2010b). We performed heating and electrophoresis experiments
with procapsids and virions of Sf6 and P22 to compare their stabili-
ties. The results showed that Sf6 procapsids and virions are slightly
less stable than their P22 counterparts (Fig. 8A). As previously
reported and reproduced here, heat treatment causes P22 procapsids
to swell and transform into “expanded heads” (ExH), which are par-
ticles that lack scaffolding protein and pentons but have expanded
(Parent et al., 2010a; Teschke et al., 2003). No band corresponding
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Fig. 8. Relative stabilities of Sf6 and P22. A. Agarose gel of phage assembly products
treated at different temperatures for 15 min. The expanded, penton-less heads
(“ExH") in P22 (arrow) appear as a major component of the heat-treated sample.
Quantification of the fraction of intact procapsid (B) and virions (C) remaining after
heat treatment (data shown only for select temperatures). These data are an average
from three independent experiments (error bars denote the standard deviation of
the measurements).

to expanded heads was found in heat-treated Sf6 samples, and nega-
tive stain transmission electron microscopy confirmed that heated
P22 samples contained ExH particles but heated Sf6 samples did not
(data not shown).

Discussion
Sf6 CP has an HK97-like core and a telokin domain

The CPs of all tailed bacteriophages (Myoviridae, Siphoviridae,
Podoviridae) and some large dsDNA eukaryotic viruses (Herpesviri-
dae) share a common fold (Bamford et al., 2005). It is not surprising
therefore, that our cryo-reconstructions of Sf6 reveal a CP protein
with an “HK97-like” core. However, like P22 but unlike other
known virion structures, the Sf6 CP includes a surface-exposed, Ig-
like, “telokin” domain (Parent et al., 2010a). The presence of this do-
main suggests that it is likely a conserved feature specific to the P22-
like phages.
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The twelve essential genes that encode the P22-like virion pro-
teins show substantial variation within this phage group, and P22
and Sf6 represent two quite different members of this group
(Casjens and Thuman-Commike, 2011). The virion assembly proteins
of the two phages range from having 93% identity in a.a. sequence
(tail protein gp10) to having no recognizable similarity (e.g., small
terminase subunit, scaffolding protein, and receptor-binding domain
of the tailspike). Distantly related species of tailed phages are pro-
posed to have undergone “rampant” horizontal transfer of virion as-
sembly genes during their evolution (Casjens, 2005; Hendrix, 2002).
Thus, it is not clear whether the differences between orthologous
P22 and Sf6 virion assembly genes arose through divergence within
the larger P22-like phage group or whether the differences arose by
horizontal transfer of genetic material into the P22-like group from
other phages. The Sf6 and P22 CPs (only 14% identical) are among
those viral proteins whose evolutionary history is uncertain. The re-
sults presented here show that, unlike the CPs of other tailed phages,
the Sf6 CP contains a telokin-like domain that is very similar to that of
P22, and this supports the idea that the CP has diverged within the
P22-like group rather than from horizontal exchange with other
phage types. This, however, does not mean that horizontal exchange
cannot occur between the P22-like and other phage groups. Indeed,
evidence suggests that the tailspike and small terminase subunit
genes have exchanged with other phage types (Casjens and
Thuman-Commike, 2011). Nonetheless, the P22-like phage group ap-
pears to be very ancient, with CP variants (and probably most other
virion assembly proteins) having diverged within this group to the
point of losing or nearly losing recognizable sequence similarity.
The P22-like portal proteins, scaffolding proteins, CPs, and the gp4
tail adaptor proteins all have very similar phylogenetic trees, which
suggests that these procapsid assembly proteins have co-evolved
without import of outside genetic information, and thus that they
all diverged in parallel within the P22-like phage group (Casjens
and Thuman-Commike, 2011).

Capsids are stabilized by CP contacts at sites of three-fold symmetry

In spite of having CPs with similar folds, capsid assembly and the
subsequent stabilization that accompanies maturation in dsDNA-
containing phages and in HSV-1 can occur by several different mech-
anisms. For example, HK97 utilizes a covalent crosslinking mecha-
nism (Wikoff et al., 2000) that forms “molecular staples” via P-loops
at all three-fold sites during maturation (Gertsman et al., 2009).
HK97 also includes a key, intercapsomeric salt bridge at this position,
where residue substitutions reduce particle stability or eliminate cap-
somer assembly (Gertsman et al., 2010). The presence of auxiliary
“decoration” or “cement” proteins in other phages and viruses pro-
vides another common mechanism for stabilizing virions at three-
fold and quasi-three-fold positions. Examples include gpD of N\
(Lander et al.,, 2008; Sternberg and Weisberg, 1977; Yang et al.,
2008), Dec of phage L (Gilcrease et al., 2005; Tang et al., 2006), gpE
of €15 (Jiang et al., 2008), and the triplexes of HSV-1 (Brown and
Newcomb, 2011). Recently, a pseudo-atomic model of the P22 CP in-
dicated that capsid stabilization in P22, which has no auxiliary protein
and does not employ cross-links, may also occur through strong inter-
actions between neighboring capsomers at the strict and quasi three-
fold symmetry axes via the P-loops (Parent et al., 2010a). The recent
cryo-reconstructions of phage 80a procapsids and virions, which
show CPs form “trefoil” structures at both types of three-fold sites
(Spilman et al., 2011), further support the notion that strong stabiliz-
ing interactions commonly occur at these locations. Like P22, Sf6 CP
does not form chemical crosslinks and the Sf6 genome does not en-
code any auxiliary decoration protein (Casjens et al., 2004). In addi-
tion, our cryo-reconstruction of Sf6 procapsids reveals that the most
extensive CP:CP contacts reside at the three-fold sites, which suggests
that this feature is conserved among dsDNA-containing phages.

Capsomer maturation and A-domain flexibility

An obvious distinction between the Sf6 and P22 structures is the
presence or absence of structural elements near the centers of the
capsomers. In the Sf6 procapsid, hexons have small central holes
and the pentons are closed. This contrasts with the P22 procapsid,
where the hexons and pentons both contain central holes that are
larger than those in the Sf6 hexons. Variations in the P22 CP at posi-
tion 170 that increase rigidity of the A-domain result in procapsids
with closed pentons (Suhanovsky et al., 2010). CP variants that
resulted in increased A-domain rigidity also led to a lower energy bar-
rier to procapsid maturation and an increase in the appearance of ab-
errant assembly products such as polyheads (Parent et al., 2010b). It
may be that the A-domain in Sf6 is inherently more rigid than in
other P22-like phages, and this favors the closed state of capsomers
in procapsids. However, there does not seem to be a corresponding
change in thermal stability between Sf6 and P22 procapsids, nor did
we observe any aberrant assembly products in our studies. Perhaps
the flexibility of the A-domain does not play the same role in regulat-
ing maturation of the Sf6-like subgroup of phages.

Cell recognition and attachment in Podoviridae

For members of the family Podoviridae, the tailspike proteins are
the primary viral components that function in cell-recognition and at-
tachment. Crystal structures have been determined for the P22 and
Sf6 tailspike proteins, and the endorhamnosidase activity of both of
these proteins has been thoroughly documented (Muller et al.,
2008; Steinbacher et al., 1994). It has been postulated that a second-
ary receptor might be required to trigger DNA release from the virion
(Casjens and Molineux, 2012; Chang et al., 2010). However, for P22,
the lipopolysaccharide of the host is sufficient to allow genome re-
lease, albeit slowly, in vitro (Andres et al., 2010), and this indicates
that a secondary membrane protein receptor may not be needed for
P22 to infect Salmonella.

The observation of host membrane vesicles stably bound to Sf6 vi-
rion tails is nonetheless provocative, since the tailspike endorhamno-
sidase might remove all of the O-antigen polysaccharide, thereby
leaving nothing to which the tailspike could bind. This raises the
question of whether the Omp proteins or perhaps a different second-
ary receptor, are involved in binding. OmpA is a major component of
the outer membranes of enterobacteria, with ~100,000 copies present
on the surface of each bacterium (Koebnik et al., 2000). In Escherichia
coli, OmpA is a transmembrane protein, and surface-exposed loops
that connect the transmembrane domains act as the site for host rec-
ognition and attachment for a number of coliphages (Morona et al.,
1984). OmpC has also been implicated as a cell surface receptor for
bacteriophages (Ho and Slauch, 2001; Tanji et al., 2008; Yu and
Mizushima, 1982). The OmpA and OmpC proteins are both virtually
identical in E. coli and S. flexneri and could be universally present,
cell recognition sites for P22-like phage. Our results reveal that nei-
ther of these Omp proteins is associated with the Sf6 capsid, but in-
stead both associate with the lipid vesicles that co-purify with
virions. This phenomenon has yet to be reported for any other P22-
like phage. The recently determined crystal structure of the Sf6 tail
needle-knob shows significant conservation with the structures of
the cell receptor binding motifs in PRD-1 phage and adenovirus
(Bhardwaj et al., 2011). This suggests that the knob of the tail needle
may promote lipid vesicle co-purification with Sf6 and could be driv-
en in part owing to the high concentrations of OmpA and OmpC in our
samples. The fact that Sf6 infects OmpA- and OmpC-knockouts shows
that neither of these proteins is absolutely required for infection;
however, they could still serve an auxiliary function or they could
be involved if they have redundant function with regard to Sf6 bind-
ing. Alternatively, Sf6 may not bind to S. flexneri via a secondary re-
ceptor, but rather through the tailspikes or even through non-
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specific hydrophobic interactions with the lipid vesicles, and could
mean that OmpA and OmpC are simply contaminant “cargo”.

Roles of the D-loops and telokin domains in P22-like phages

The CPs of Sf6 and P22, despite having quite distinct sequences,
exhibit a strikingly similar pattern of secondary structure elements
(Fig. 4). The folds of these CPs are similar overall, but differ in a few
key ways. A recent, higher-resolution cryo-reconstruction study of
P22 procapsids indicates that capsid stability in P22 may arise not
only from interactions among P-loops at the three-fold sites, but
also from inter-subunit D-loop interactions between capsomers
(Chen et al., 2011). The Sf6 procapsid has no obvious D-loop struc-
ture, and neighboring capsomers only minimally contact each other,
indicating that Sf6 lacks a P22-like D-loop function. Whether P22
gained or Sf6 lost D-loop function during evolution remains an open
question. Nonetheless, Sf6 procapsids function without the D-loop,
and they are only slightly less heat stable than P22.

In P22, the telokin domains do not contact one another and each
domain is only associated with a single CP monomer (Parent et al.,
2010a). Hence, these domains are not responsible for stabilizing P22
particles by bridging to adjacent subunits. Instead, the domain ap-
pears to function primarily as a folding nucleus for the HK97-like
core structure (Teschke and Parent, 2010). However, in striking con-
trast, the telokin-like domain in Sf6 makes extensive intra-hexon
contacts between subunits (Fig. 2, r=275 A). These contacts may en-
hance capsomer stability and/or they may confer some advantage
during assembly of CPs that lack D-loop structures.

Materials and methods
Preparation and purification of Sf6 virions and procapsids

Luria Broth (LB) was used to support bacterial growth for the
preparation of phage and procapsids. S. flexneri strain PE577
(Morona et al., 1994) was grown in LB at 37 °C to 1x10% cells/mL.
Phage Sf6 (clear plaque mutant (Casjens et al., 2004)) infection was
initiated at a multiplicity of infection of 0.1. The culture was shaken
until near-complete lysis occurred (~3.5 h at 37 °C). Chloroform was
added to ensure complete lysis, and cell debris was removed by cen-
trifugation (Sorvall SS-34 rotor, for 10 min at 10,000 rpm, 4 °C).
Phage and procapsids were then concentrated at 18,000 rpm for
90 min at 4 °C. The resulting pellet was resuspended by nutation at
4 °C overnight, in M9 salts supplemented with 2 mM MgS0,. Aggre-
gated material was removed by centrifugation and the phage/procap-
sid preparation was stored at 4 °C. Further purification using a CsCl
step gradient was performed as described (Casjens et al., 2004).

Cryo-transmission electron microscopy

Small (3.5uL) aliquots of purified phage and procapsids (at
~1x10' phage/mL or ~10 mg/mL) were vitrified and examined
using established procedures (Baker et al., 1999). Samples were ap-
plied to holey Quantifoil grids that had been glow-discharged for
~15 s in an Emitech K350 evaporation unit. Grids were then blotted
with Whatman filter paper for ~5 s, plunged into liquid ethane, and
transferred into a precooled, FEI Polara, multi-specimen holder,
which maintained the specimen at liquid nitrogen temperature. Mi-
crographs were recorded on Kodak SO-163 electron-image film in
an FEI Polara microscope operated at 200 keV and under minimal-
dose conditions (~22 e/A?) at a nominal magnification of 59,000 x.
Additional data collection statistics, including the range of objective
lens defocus settings used to record each set of micrographs, are
listed in Table 2. The programs RobEM (http://cryoEM.ucsd.edu/
programs.shtm) and ctffind3 (Mindell and Grigorieff, 2003) were

used to extract individual particles and estimate the level of defocus
and astigmatism for each micrograph.

Icosahedral cryo-reconstructions of Sf6 procapsid and virion

Image processing for each of the two separate data sets (procapsids
and virions) was performed in the same manner as follows. Micro-
graphs that exhibited minimal astigmatism and specimen drift were
selected for further processing and digitized at 6.35 um intervals (rep-
resents 1.07 A per pixel) on a Nikon Super Coolscan 8000, and image
preprocessing was performed as described (Baker et al., 1999). A sub-
set of 150 particle images was used as input to the random-model
computation procedure to generate an initial 3D density map at
~25 Aresolution (Yan et al., 2007a). This map was then used to initiate
determination and refinement of particle orientations and origins for
the complete set of images using version 4.01.07 of AUTO3DEM (Yan
et al., 2007b). Phases and amplitudes of the particle structure factor
data were corrected to compensate for the effects caused by the mi-
croscope contrast-transfer function (Bowman et al., 2002). The Fouri-
er Shell Correlation criterion (FSCys) was used to estimate the
resolution of each reconstruction (Table 2) (van Heel and Schatz,
2005). Graphical representations were generated with the RobEM
and Chimera (Goddard et al., 2007) visualization software packages.

Asymmetric cryo-reconstruction of Sf6 virion

The general strategy we used to process the Sf6 virion images and
compute an asymmetric reconstruction was similar to that used to
derive an asymmetric reconstruction of the P22 virion (Lander et al.,
2006). First, all digitized micrographs of the Sf6 virion samples were
binned 2X, which generated a pixel size of 2.14 A. Then, we re-
boxed all virion images within a box window that was large enough
to assure that the tail of each particle was not excluded as was the
case during the icosahedral processing strategy described above.
Also, the origin and orientation parameters of each virion image
were set to match those determined during the icosahedral proces-
sing. Next, we used the “ticos_equiv’ option in AUTO3DEM
(v4.01.07) (Yan et al.,, 2007b) to determine an initial estimate of the
orientation that properly aligns the tail in each virion image to a com-
mon reference, which was the 17-A resolution 3D cryo-
reconstruction of P22 (EMDB ID 1220 (Lander et al., 2006)). Next, it-
erative refinement of the origin and orientation of each virion image
was performed in AUTO3DEM set to operate in “asymmetric” mode,
in which no symmetry is assumed or imposed on any of the data. It
is important to note that the P22 reconstruction did not introduce
any model bias into the Sf6 asymmetric reconstruction process. This
was clearly evident because the final Sf6 reconstruction showed a
head structure with all of the features that distinguish Sf6 from P22.
In addition, the final Sf6 reconstruction showed a tail structure that
was similar overall, yet distinct in detail from the P22 tail. Finally,
the tip of the tail needle is partially missing in the Sf6 cryo-
reconstruction (Fig. 5) because the size of the box window was re-
duced slightly to keep computations efficient and within memory
limits and to reduce unwanted background noise.

Agarose and polyacrylamide electrophoresis gels

Samples (~1 mg/mL) were diluted with ice-cold agarose sample
buffer (0.25% bromophenol blue and 10% glycerol in TAE buffer:
40 mM Tris acetate and 1 mM EDTA). Approximately 10 pg of protein
was loaded in each lane of a 1.0% Fisher agarose gel (modified from
Serwer and Pichler, 1978). The gel was run at 110V for 120 min at
room temperature and stained with Coomassie blue. Bands were ex-
cised with a razor blade, and the agarose was solubilized in 500 pL
QB buffer from a Qiagen gel-extraction kit at 50 °C for 10 min. The
total protein in each sample was either 1) TCA precipitated, visualized
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by SDS-PAGE (10% gel), and either Coomassie stained (wells and viri-
on band) or silver-stained (procapsid band) using a SilverQuest stain-
ing kit (INVITROGEN) or 2) analyzed by mass spectrometry as
described below.

In-gel digest for mass spectrometry

Samples were dried in a speedvac, reduced with 200 L of 100 mM
ammonium bicarbonate-10 mM DTT and incubated at 56 °C for
30 min. The liquid was removed and 200 mL of 100 mM ammonium
bicarbonate 55 mM iodoacetamide was added to the gel pieces and
incubated at room temperature in the dark for 20 min. After the re-
moval of the supernatant and one wash with 100 mM ammonium bi-
carbonate for 15 min, the same volume of acetonitrile (ACN) was
added to dehydrate the gel pieces. The solution was then removed
and samples were dried in a speedvac. For digestion, enough solution
of ice-cold trypsin (0.01 ug/mL) in 50 mM ammonium bicarbonate
was added to cover the gel pieces and set on ice for 30 min. After
complete rehydration of the pieces, excess trypsin solution was re-
moved and replaced with fresh 50 mM ammonium bicarbonate and
then incubated overnight at 37 °C. The peptides were extracted
twice by the addition of 50 pL of 0.2% formic acid and 5% ACN and vor-
texed at room temperature for 30 min. The supernatant was removed
and saved. A total of 50 pL of 50% ACN-0.2% formic acid was added to
the sample, which was vortexed again at room temperature for
30 min. The supernatant was removed and combined with the super-
natant from the first extraction. The combined extractions were ana-
lyzed directly by LC in combination with tandem mass spectroscopy
(MS/MS) using electrospray ionization.

LC-MS/MS analysis

Trypsin-digested peptides extracted from SDS-PAGE as described
above were analyzed by liquid chromatography (LC)-MS/MS with
electrospray ionization. All nanospray ionization experiments were
performed with a QSTAR-Elite hybrid mass spectrometer (AB/MDS
Sciex) that was interfaced to a nanoscale, reverse-phase, high-
pressure, liquid chromatograph (Tempo) using a 10 cm-180 ID glass
capillary packed with 5-um C18 ZorbaxTM beads (Agilent). Buffer
compositions were as follows: Buffer A — 98% H,0, 2% ACN, 0.2% for-
mic acid, and 0.005% TFA; Buffer B — 100% ACN, 0.2% formic acid, and
0.005% TFA. Peptides were eluted from the C-18 column into the mass
spectrometer using a linear gradient of 5-60% Buffer B over 60 min at
400 mL/min. LC-MS/MS data were acquired in a data-dependent
fashion by selecting the four most intense peaks with charge states
of 2 to 4 that exceed 20 counts, with exclusion of former target ions
set to “360s” and the mass tolerance for exclusion set to 100 ppm.
Time-of-flight MS were acquired at m/z 400 to 1600 Da for 1 s with
summation of 12 time bins. MS/MS data were acquired from m/z 50
to 2000 Da by using “enhance all” (24 time bins summed), dynamic
background subtract, automatic collision energy, and automatic MS/
MS accumulation with the fragment intensity multiplier set to 6 and
maximum accumulation set to 2 s before returning to the survey
scan. Peptide identifications were made using the paragon algorithm
executed in Protein Pilot 2.0 (Life Technologies).

Heat titration of assembly products

Samples containing procapsids and phage were incubated for
15 min in an Applied Biosystems GeneAmp thermalcycler at temper-
atures ranging from 20 to 90 °C, after which they were placed on ice
and diluted with ice-cold agarose sample buffer. Electrophoresis
was performed at room temperature in TAE buffer with 110V for
90-120 min.

Construction of Shigella omp null mutants

The sequences of the ompA and ompC genes and nearby surround-
ing regions are virtually identical in the reported E. coli K-12 and S.
flexneri 2a strain 301 genome sequences (strain 301 locus_tagss
SF0957 and SF2299, respectively) (Blattner et al., 1997; Jin et al.,
2002). E. coli K-12 mutants of these genes exist in the Kieo collection
(strains JM0940 and JM2203, respectively) in which a kanamycin re-
sistance cassette replaces the gene (Baba et al., 2006). We used poly-
merase chain reaction (PCR) to amplify approximately 2 kbp regions
that include the ompA and ompC replacements from these two strains
with oligonucleotide pairs 5’-ATCTGGTGAAGAAGCATCGCGAAGGG-
GAG/5’-AACGCTATGGGGTTTATTATGCGTCCGG and 5'-GGCTGTTGTT-
CCGGGCCAAAG/5’-GTAATAAATAAAGTTAATGATGATAGCG, respective-
ly. The resulting DNA was used to electroporate S. flexneri strain PE577
that carried plasmid pKD46 (Datsenko and Wanner, 2000), kanamycin
resistant transformants were selected, and pKD46 was removed by
growth at 40 °C. The presence of the properly placed resistance cassette
in the resulting kanamycin resistant Shigella transformants was con-
firmed by PCR amplification and sequencing of the amplified DNA
across all kanamycin cassette insertion boundaries.
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