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Abstract

Bacteriophages are involved in many aspects of the spread and establishment of virulence factors
in Staphylococcus aureus, including the mobilization of genetic elements known as pathogenicity
islands (SaPls), which carry genes for superantigen toxins and other virulence factors. SaPls are
packaged into phage-like transducing particles using proteins supplied by the helper phage. We
have used cryo-electron microscopy and icosahedral reconstruction to determine the structure of
the procapsid and the mature capsid of 80a, a bacteriophage that can mobilize several different
SaPls. The 80a capsid has T = 7 icosahedral symmetry with the capsid protein organized into
pentameric and hexameric clusters that interact via prominent trimeric densities. The 80a capsid
protein was modeled based on the capsid protein fold of bacteriophage HK97, and fitted into the
80a reconstructions. The models show that the trivalent interactions are mediated primarily by a
22-residue B hairpin structure called the P loop that is not found in HK97. Capsid expansion is
associated with a conformational switch in the spine helix that is propagated throughout the
subunit, unlike the domain rotation mechanism in phages HK97 or P22.
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Introduction

Staphylococcus aureus is a commensal inhabitant of human skin and mucosal epithelia, but
has also been associated with a number of pathogenic conditions 1. Historically, infections
occurred mainly in immunocompromised individuals and in hospital settings, but more
recently, otherwise healthy individuals have been affected by aggressive strains circulating
in the community 2. The emergence of new strains that are resistant to multiple antibiotics,
especially methicillin resistant S. aureus (MRSA), has significantly complicated treatment
and supportive therapy necessary to clear infection 3.

Bacteriophages are involved in several aspects of S. aureus virulence. Certain
bacteriophages are carriers of known virulence genes, including those for Panton-Valentine
Leukocidin (PVL), exfoliative toxin A, staphylokinase and enterotoxin A 4:5. Through
generalized transduction, bacteriophages can transfer chromosomal and plasmid-encoded
virulence and resistance genes between pathogenic and non-pathogenic strains 6:7.
Bacteriophages are also involved in the specialized mobilization of S. aureus pathogenicity
islands (SaPls), a family of 14-27 kb genetic elements that are integrated into the host
genome and can carry genes for a variety of superantigen toxins, such as the toxic shock
syndrome toxin (TSST-1) and a number of enterotoxins 8:9. The SaPls become mobilized
upon infection with certain “helper” bacteriophages or by the induction of endogenous
prophages through the SOS response 10. Mobilization involves derepression, excision and
replication of the SaPl element 11, which is then packaged into phage-like transducing
particles using structural gene products supplied by the helper phage 12:13:14. These
transducing particles can then go on to infect naive hosts, leading to the spread of SaPI-
encoded virulence factors through the bacterial population. One striking aspect of the
mobilization of many SaPls is the redirection of capsid assembly to form a smaller particle
that accommodates the smaller SaPI genome, but is inadequate for packaging a complete
phage genome 15. Understanding the pathway of normal capsid assembly is a prerequisite to
elucidating the mechanism by which SaPls alter capsid size.

S. aureus bacteriophage 80a. is a temperate phage that is capable of generalized transduction
and also serves as a helper phage for the mobilization of several different SaPls, including
SaPl1, SaPI2, SaPlbovl and SaPlbov2 9:16. Phage 80a, which is essentially identical to
staphylococcal typing phage 53 16, is a double-stranded (ds) DNA phage of the
Siphoviridae family. The 80a virion consists of a 63 nm diameter isometric, icosahedrally
symmetric capsid attached to a 190 nm long flexuous, non-contractile tail capped with an
elaborate baseplate decorated with six tail fibers 13.

Capsids of dsDNA bacteriophages are formed in a stepwise fashion, starting with the initial
formation of a roughly spherical precursor capsid called the procapsid, which is
subsequently filled with DNA 17. Procapsid formation usually requires a scaffolding
protein, which acts as a chaperone for the assembly process 18:19. 80a procapsids are
assembled from capsid protein, a product of gene 47 (gp47), scaffolding protein (gp46), a
portal protein (gp42) that forms the entry and exit portal for the DNA genome and as a
connector between the head and tail, and gp44, a minor capsid protein of unknown function
12:13. The capsid and scaffolding proteins are cleaved between Phe and Ala by an
unidentified protease, removing the N-terminal 14 and 13 amino acids, respectively 13.
DNA is packaged into the procapsids through the portal vertex by a headful mechanism.
This process requires the small (gp40) and large (gp41) terminase subunits (TerS and TerL,
respectively), and occurs concomitantly with scaffolding removal and capsid expansion. The
organization of the 80a structural gene cluster is shared between several S. aureus phages,
and is virtually identical to that of $ETAZ2, carrier of the gene for exfoliative toxin A.
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The conformational changes that occur in the capsid shells of tailed dSDNA bacteriophages
are most extensively described in Escherichia coli bacteriophage HK97, another member of
the Siphoviridae family 20. Structures of both the mature capsid and procapsid of HK97
have been solved crystallographically 21:22:23, which identified a unique fold in the gp5
capsid protein that was subsequently observed in many other dsSDNA bacteriophages,
including P22 and 15 17:24:25. Studies in HK97 and other bacteriophages have shown that
maturation and capsid expansion involve major structural rearrangements and a shift from a
thick, rounded shell to a thin, more angular shell, and results in a final structure that is more
stable than its precursor 26.

In this paper, we present three-dimensional reconstructions from cryo-electron microscopy
(cryo-EM) of procapsids and mature capsids of S. aureus phage 80a. These are the first
structures of a bacteriophage that infects S. aureus. The 80a capsid has T = 7 icosahedral
symmetry with the gp47 capsid protein organized into hexamers and pentamers that interact
at local threefold axes of symmetry. As expected, gp47 has an HK97-like fold, in spite of
low sequence similarity. Using HK97 gp5 as template, we generated a model for the gp47
structure. The main differences between gp47 and HK97 gp5 include a 12-residue insertion
in gp47 that forms a hairpin loop involved in trivalent interactions, an N-terminal arm that
has a helical conformation in the 80a procapsid, and a proline residue in the so-called spine
helix of gp47 that acts as a conformational switch during 80a capsid maturation. A kink at
this proline leads to a rotation of the N-terminal part of the spine helix that is propagated
throughout the subunit and is accompanied by a reorganization of subunit interfaces. The
nature of this transition is quite different from the domain movements in either HK97 or
P22. Expansion is a key element of capsid maturation in all bacteriophages. The 80a
structures show how this complex process can be accomplished via a simple binary switch.

Structure of the 80a mature capsid

80a virions were produced by induction of the lysogenic strain RN10616 with mitomycin C
and purified by CsCl gradient centrifugation, as previously described 13:27. Cryo-EM of
80a virions shows the 57 nm (side-to-side) diameter capsids (63 nm vertex-to-vertex) and
190 nm long, flexuous tails (Fig. 1A)13. The star-shaped, sixfold symmetric baseplates can
also be seen. The capsids have a striated or punctate appearance with a spacing of 2.5 nm
that is due to the closely packed DNA inside. Only about 1% of the particles in a typical
field were empty, presumably having spontaneously ejected their DNA during purification.
A total of 8080 individual images of full particles collected from 174 separate micrographs
were used to reconstruct the 80a. virion structure, using the EMAN program package 28,
reaching a resolution of 1.02 nm based on the 0.5 Fourier shell correlation (FSC) criterion.

The 80a capsid has an angular appearance with T = 7 laevo icosahedral symmetry, as
expected from comparisons of other bacteriophages of similar size, including HK97, A and
P22 21:24:29. The 420 copies of the gp47 capsid protein in the shell are organized into 60
hexamers that sit on the flat triangular faces of the icosahedron and twelve pentamers
located on the icosahedral fivefold vertices (Fig. 2A,B). In the asymmetric virion, one
pentamer would be replaced by the connector or portal protein at the unique vertex where
the tail is attached. There are thus seven non-equivalent gp47 subunits in the 80a virion,
arranged into an Ag pentamer and a BCDEFG hexamer (Fig. 2A, B). These capsomers
interact via three types of trivalent contacts that we refer to as type 1 (EEE), type 2 (ABG)
and type 3 (CDF) (Fig. 2A). Much of the capsid density is clustered in distinct trifoliate
densities delineated by numerous 2-3 nm holes at these contact points (Fig. 2B). This
appearance is reminiscent of phage A, in which similar trifoliate densities are made of an
additional decoration protein, gpD 29. There is no additional decoration protein in 80a,
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however, and the trefoils appear to be composed of an extended insertion loop in gp47 (see
below). In contrast, hexameric connections are less extensive, characterized by a 1.2 nm
diameter hole in the middle of the hexamer (Fig. 2B) when the map is rendered at the cutoff
level consistent with the predicted mass of the capsid (420 x 35 kDa = 14,700 kDa).

The capsid shell is 2.4 nm thick on average, with a flat appearance, except at the fivefold
vertices (Fig. 2C). The 2 nm holes are visible in a central section as channels through the
shell at the twofold axes. At least 8 concentric layers of density, spaced 2.5 nm apart, are
visible inside the shell, corresponding to the near liquid crystal packing of the DNA30:31.

The 80a procapsid reconstruction

Although procapsids form as an intermediate during normal phage production and can be
purified on CsCI gradients from wildtype infections, yields are typically low, and
contamination with empty, expanded shells is a problem. Thus, a better way to produce
procapsids is to block DNA packaging by deleting either of the two terminase genes, which
leads to an accumulation of procapsids in the cell lysates. Here, 80a procapsids were
produced by induction of a S. aureus 80a lysogen (ST24) that carries a AterS deletion, as
previously described 13. By cryo-EM, the 80a procapsids appear as 51 nm diameter,
rounded particles with a 4 nm thick shell and a characteristic serrated appearance (Fig. 1B).
A few thin-walled and aberrant shells are also present in a typical procapsid sample. The
800 procapsid was reconstructed using EMAN from 8029 particles in 106 micrographs to a
resolution of 0.88 nm, based on the 0.5 FSC criterion.

The 80a procapsid reconstruction shows a more or less spherical, T = 7 symmetric shell with
hexamers and pentamers that protrude much more that those of the virion (Fig. 2D). The
hexamers have a characteristically elongated, skewed appearance that has also been
described in other bacteriophage procapsids 24:29:32. Compared to the virion, the capsid
protein subunits in the procapsid are packed more closely together, and appear to form more
extensive intra-capsomeric contacts (Fig. 2D). As in the mature capsid, the hexamers and
pentamers interact through trivalent connections at the icosahedral and quasi-threefold axes.
In contrast to the mature capsid, there is a 1 nm wide hole in the center of each pentamer in
the procapsid, while the hexamers appear completely closed, when the shell is rendered at a
cutoff level consistent with the predicted mass.

A central section through the procapsid reconstruction shows that the serrated appearance of
the shell results from a tilting of the gp47 subunits relative to the surface of the shell (Fig.
2E). The central section also shows a diffuse central density with a diameter of 36 nm that is
assumed to represent the scaffolding core. The capsid and core are separated by a 2.5 nm
gap (Fig. 2E), suggesting that there is little direct interaction between the two.

Modeling of the gp47 capsid protein

All capsid proteins of phages belonging to the Caudovirales that have been studied to date
conform to a fold known as the HK97 fold, after the first bacteriophage capsid structure to
be solved to high resolution 21:26. These structural relationships hold even if sequence
relationships are too distant to be detectable. Hence, we expected gp47 to conform to the
same general fold. Indeed, inspection of the 80a reconstruction confirmed this assumption.
The capsid protein clearly showed the division into an A (axial) and a P (peripheral) domain
described in HK97. (The terms axial and peripheral, defined in the original HK97
publication, refer to the proximity of the domain to the fivefold and quasi-sixfold axes.)
These domains should perhaps be thought of more as subdomains, since the A domain
essentially constitutes an insertion into the P domain with a final, C-terminal arm that enters
back into the A domain to complete the fold (Fig. 3).
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Although sequence relationships between bacteriophage capsid proteins are often hard to
detect, a search for gp47 structural homologs using the protein homology/analogy
recognition server Phyre 33 did return HK97 gp5 as the top homolog, with a sequence
identity of 13%. Subsequently, we used the I-TASSER server 34 to produce a gp47 model
based on threading into the HK97 gp5 mature capsid structure (PDB ID: 10HG) as a
template. I-TASSER returned a model with a C-score of 0.65 that was used as a starting
point for the gp47 model building. The N-terminal 103 residues of HK97 gp5 constitute a
“delta” or scaffolding domain that is cleaved from the protein during capsid maturation 32.
This sequence is not present in the HK97 crystal structures and was therefore omitted from
the comparison. Similarly, the N-terminal 14 residues of gp47, which are cleaved off before
or during procapsid assembly 13, were also excluded from the modeling. The resulting gp47
model displays the characteristic feature of the gp5 template, including a long o helix (a.3)
known as the “spine helix” 23, a protruding B hairpin called the “E loop”, and a three-
stranded P sheet in the P domain (Figs. 3, 4A). Most differences were localized to the
interspersing loops and in a 12-residue insertion in the P domain.

When the I-TASSER model was fitted as a rigid body into the 80a capsid density using
cross correlation, it was clear that flexible adjustments would have to be made to the model.
As a starting point, the two subdomains (A and P) of the gp47 model were separated at
residues 151, 250 and 296. The A domain was then flexibly fitted into the corresponding
electron density for subunit B using the MODELLER script Flex-EM 35. Flex-EM was not
successful for the P domain, which was fitted as a rigid body with UCSF Chimera 36, upon
which the two domains were put back together. The P loop insertion was built manually
using the program O 37. The model was then refined through several cycles of manual
model building in O, refinement of the local geometry and correlation-based fitting.
Molprobity was used to assess the geometric quality of the final model 38. The final gp47
virion model (subunit B) differed from the HK97 template by an average root-mean-square
deviation (RMSD) between equivalent Co atoms of 0.52 nm (Fig. 4A, B). The process was
then repeated for all seven non-equivalent subunits in the virion. The seven subunits differed
from each other by an average RMSD of 0.14 nm between Ca atoms (Fig. 4C). Pertinent
structural features of the gp47 model and the key differences between 80a and the HK97
template are listed below:

(1) The E loop—The E loop of HK97 gp5 constitutes a B hairpin that extends from the
body of the P domain by 5.2 nm (Ref. 22; Fig. 4A). The E loop in gp47 is made of f1 and 2
(residues 70-104) and is the same length as in HK97 (Fig. 3). There was only observable
density for about half of the loop (70-78 and 96-104) in the 80a reconstruction, possibly
due to disorder or flexibility (Fig. 4B). The E loop density extends from the P domain by 2.4
nm and ends with a bulbous feature that matches well with several bulky, aromatic residues
in the model, including F73, F75, W76 and W98. Key differences between the seven quasi-
equivalent subunits are localized to the E loop and are manifested in the angle between the E
loops and the P domain. Subunits B-G are similar, while subunit A (pentamer) is an outlier,
with an E loop angled 21° away from the others (Fig. 4C).

(2) The spine helix—The long “spine helix” (a3) is comprised of residues 127-150 of
gp47. Together with the shorter a2 helix (117-124), the spine helix forms an L-shaped motif
that fits into the 80a density at one end of the P domain (Fig. 4B). The spine helix is
interrupted by a proline residue at position 132, which is not present in either HK97, P22 or
€15. Consequently, the spine helix is kinked at an angle of 53° at Pro 132, whereas the spine
helices in these other bacteriophages are comparatively straight 22:24. There is a loop
immediately following the spine helix that includes a short helix (a4), and that acts as a
hinge between the A and P domains.

J Mol Biol. Author manuscript; available in PMC 2012 January 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Spilman et al.

Page 6

(3) The A domain—The A domain includes residues 163-254 and 301-324 of gp47 (Fig.
3, 4A). It features two o helices (a5 and 06) and a three-stranded B-sheet that could be
confidently fitted into corresponding density in the map (Fig. 4B). The p-sheet is made of
B3, p6 and B11, the latter of which comes from the C-terminal arm. The remainder of the A
domain was modeled as loops, many of which did not match any density in the map, either
due to inherent flexibility or the limited resolution of the reconstruction (Fig. 4B).

(4) The P domain B sheet—The 3.9 nm long, three-stranded 3 sheet, which together
with the spine helix motif makes up the bulk of the P domain, is composed of one strand
(B2) that is continuous with the E-loop (residues 105-113), and two strands (B7 and $10)
that follow reentry of the sequence into the P domain from the A domain (Fig. 3, 4A).
Individual strands cannot be resolved in the map, but the B-sheet can be seen adjacent to the
spine helix as a flat density that matches the extent of the modeled sheet well and is very
similar to that in HK97.

(5) The P loop—The P domain of gp47 contains a 12-residue insertion (residues 276-287)
into the B sheet compared to HK97 (Fig. 3). This insertion was modeled by I-TASSER as
part of a 22-residue loop that coincides with a smaller loop in gp5, called the P loop 23. The
gp47 P loop was modeled as a g hairpin (B8 and p9) with a classical turn motif (GXP) at its
tip (Fig. 4A, B). Bacteriophage €15 has a long P loop similar to that of gp47 25. This loop
fits into the trefoils of density observed at the trivalent contact points between capsomers
and is involved in extensive subunit interactions at this point (see below). The tips of the P
loops shift over a range of 1.1 nm between the seven non-equivalent subunits, and together
with the E loops provide the main source of conformational variation in the shell (Fig. 4C).

(6) N-arm—Residues 15-60 of gp47 correspond to the extended N-terminal “N-arm”
(residues 104-132) of gp5 (Fig. 3, 4A)22. In HK97, this arm extends from the body of the P
domain and makes twofold contacts with the corresponding arm from an adjacent capsomer
22. However, in the 80a. virion reconstruction there was no density corresponding to this
sequence (Fig. 4B). This was not entirely surprising, since the N-arm structure is highly
divergent between different bacteriophages, such as HK97, P22 and €15 22:24:25. In the 80a.
procapsid, a portion of the N-arm forms an ordered a-helical structure (see below).

Capsid protein interactions

The gp47 subunits participate in both intra- and inter-capsomeric interactions. The most
prominent intra-capsomeric interactions observed in the map are made between a5 and a6 in
adjacent subunits (Fig. 5A, B). These amphipathic helices, which are located at opposite
sides of the A domain, interact via several polar and charged residues (D181 and D188 in
ab; Q201, S204 and K208 in a6). These contacts are especially prominent between the C
and D and the F and G subunits, where the helices make the closest approach, and less
prominent in the BC, DE and EF subunit pairs (Fig. 5A). The five A subunits in the
pentamer engage in similar a5—a6 interactions; in addition, a loop that extends from the
apex of the A domain (residues 201-216) interfaces with fivefold related subunits at the
center of the pentamer to form a fivefold lid that effectively closes the central hole (Fig. 5B).
Additional contacts are formed by the E loop, in which residues W76 and K79 in the
bulbous density are proximal to E129 and P132 in the spine helix of an adjacent subunit in
both the hexamers and the pentamers (Fig. 5A, B).

Inter-capsomeric interactions are primarily mediated via the trefoil formed by the P loop at
the true and quasi-threefold axes between capsomers and can be divided into three types, as
mentioned above (Figs. 2A and 5C). The structure and organization of the trefoils

themselves are very similar in all three types. Instead, the angle between the P loop and the
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P domains provide the required conformational variation in the shell (Fig. 4C). These
interactions might be mediated through a series of polar residues located at the base of the
loop. The P loop splays out into the trefoil, but there is no clear density for its apex.

In addition to its role in forming intra-capsomeric contacts with the spine helix, the E loop
may also be involved in inter-capsomeric interactions. In HK97, the E loop extends across
the P domain of the adjacent subunit to form chemical crosslinks with a P loop in a
neighboring capsomer 22. According to the I-TASSER model, the E loop in gp47 is long
enough to reach across to neighboring capsomers in the same way even though crosslinking
does not occur in 80a (Fig. 4A). The presence of bulky, aromatic residues at the tip of the
loop (Y83, W84) would be consistent with a role in protein—protein interactions. However,
there is no density for the E loop beyond the bulb, so the structure of the loop is currently
speculative (Fig. 4B). Indeed, in the HK97 procapsid, which is not crosslinked, part of the E
loop is also disordered 23.

Modeling the procapsid

Inspection of the 80a procapsid density suggested that the organization of gp47 is very
different from that of gp5 in the HK97 procapsid (PDB ID: 3E8K)23. Consequently, we
used the refined model of gp47 (subunit B) from the virion as a starting point for modeling
gp47 subunit B into the 80a procapsid reconstruction (Fig. 2D). The smaller diameter of the
procapsid is accommodated by rotating the gp47 subunits so that the A domains protrude
more, thereby giving the appearance of a thicker shell (Fig. 2E). This difference is
accompanied by major changes both in the conformation of gp47 and its interactions with
neighboring subunits. Modeling the procapsid therefore required considerable adjustments
(Fig. 4D, E). This was done in a similar fashion to the virion modeling, by splitting the
structure into separate A and P subdomains that were rigid body fitted into the procapsid
density, followed by cycles of manual manipulation, geometric optimization and correlation
fitting. The procapsid model differed from the virion by an RMSD of 0.21 nm (subunit B).
After modeling the B subunit in this way, the process was repeated for the remaining six
subunits using the B subunit as a template (Fig. 4F). Differences between the procapsid and
virion include:

(1) Spine helix—As in the virion, the spine helix (a3) in the procapsid is kinked at Pro
132, this time by about 39°. However, in the procapsid, the N-terminal part of a3 is shifted
by 1.9 nm and points in a different direction relative to the virion when the C-terminal part
of the helix is superimposed (Fig. 6A). This rotation is accommodated by a bimodal switch
in Pro 132, for which the y angle changes from +135° to —45° (the two optimal values for
Pro residues) between the procapsid and virion. This rotation is propagated from the N-
terminal third of a3 through the shorter a2 helix, causing a2 to rotate by 97° and move by
around 1.2 nm (Fig. 6A, B). There is bending of the spine helix in the procapsids of HK97
and P22 as well 23:39, but not to the extent that we observe here.

(2) N-arm—As mentioned above, the N-terminal arm was not observed in the 80a virion
reconstruction. In the procapsid map, however, a tubular density, consistent with an a-helix,
reaches down behind the P domain towards the interior of the shell. The gp47 I-TASSER
model predicted an a-helix in residues 46—60, which fit into the tubular density in the
procapsid map (Fig. 4E). Residues 15-45 form an extended arm that might correspond to
additional density beneath the “floor” of the P domain where it could form an additional 8
strand that runs antiparallel to the P domain B sheet. This resembles P22, where the N-arm
forms a helix-turn-helix motif that folds underneath the P domain in a similar way 24.
However, in P22, the N-arm has a similar conformation in both procapsid and virion. Due to
uncertainty about the accuracy of the model in this region that had no equivalent in HK97
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and was modeled de novo, as well as the limited resolution of the map, we did not include
residues 15-45 in our final model.

(3) E loop—As in the virion, density was only observed for part of the E loop (Fig. 4E). In
the virion, the bulbous part of the E loop contacts the spine helix of an adjacent subunit (Fig.
5A, B). In the procapsid, the E loop instead approaches the P loop of an adjacent subunit
(Figs. 5D, E and 6B).

(4) P loop—The trivalent interactions formed by the P loop in the procapsid are similar to
those in the virion (Fig. 5C, F). However, in the procapsid, the bases of the P loops are more
closely packed, while the tips splay out further (Fig. 6C). When the spine helices are
superimposed, the P loops in the procapsid are rotated by 63° relative to the virion (Fig. 6A).
As in the virion, differences between the seven non-equivalent subunits are accommodated
primarily through conformational differences in the E loops and P loops, although the
differences are somewhat greater in the procapsid, with an average RMSD of 0.22 nm
between subunits (Fig. 4C, F).

Intra-capsomeric interactions are largely preserved between the procapsid and virion
structures, and are mediated by o5 and a6 in the A domain and by E loop—P domain contacts
(Fig. 5). The smaller radius of the procapsid and the more tightly packed capsomers are
mostly accommodated by tilting and rotating the subunits in such a way that the thinner and
flatter virion shell has larger gaps between the subunits. When the gp47 subunits flatten out,
the a5 and a6 helices move closer (Fig. 5A, D). At the type 1, 2 and 3 trivalent inter-
capsomeric interfaces, subunit rotation leads to a more densely packed trefoil in the virion,
while preserving the integrity of the P loop contacts (Fig. 5C, F).

Discussion

The HK97 capsid fold has been found in all members of the Caudovirales that have been
studied to date, and extends across Gram-positive and Gram-negative hosts, to Archaea and
even to eukaryotic species, such as herpesvirus 17:40. Thus, it was expected that the gp47
capsid protein of 80a would conform to the same fold, as we have shown here. Nevertheless,
there are differences between gp47 and HK97 gp5 throughout the structure. The biggest
difference is in the elongated P-loop of gp47, which forms a trifoliate  hairpin at the
trivalent inter-capsomeric contact points in the 80a lattice. This trifoliate density is reflected
in a clustering of strong density in the reconstruction, suggesting that this interface is
especially critical for capsid stability. The differences between 80a and other phage capsids
in this region may reflect alternative strategies for providing capsid stability: phage A has an
additional decoration protein (gpD) at this location that strengthens the threefold interactions
41, while HK97 uses chemical crosslinking to stabilize its shell 21. Like in 80a, the P22
capsid protein has an extended P-loop—albeit shorter than that of gp47— and an additional
telokin domain that may also be involved in capsid stabilization 24. The 80a. shell has a
rather open structure with numerous small holes that appeared when the reconstruction was
rendered at a cutoff level consistent with the expected mass of the capsid protein (Fig. 2B,
C).

The prominence of the threefold contacts in the 80a lattice may also reflect a important role
in assembly. Although HK97 shells can be assembled from hexamers and pentamers, at least
under certain conditions 42, P22 assembly proceeds by the addition of monomers 43. HK97
may be unique in this respect, since it does not have a separate scaffolding protein 32.
Clearly, the observation of “hexamer/pentamer clustering” in T = 7 bacteriophage shells
does not necessarily imply that these clusters represent assembly precursors. Most likely,
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phage capsids can be assembled via many different and energetically equivalent pathways
44,

Capsid maturation is a dramatic process that involves extensive rearrangement of capsid
protein on the surface of the shell, a change from a round to an angular shape and an overall
expansion that nearly doubles the volume. Expansion is energetically favored, and occurs
spontaneously in many systems as a result of chemical or thermal stress 26. In vivo,
however, the expansion needs to be finely coordinated with scaffolding protein release and
removal, and DNA packaging.

The expansion in 80a is accompanied by conformational changes in the capsid protein that
are reflected in the differences between the virion and procapsid reconstructions observed in
this study. One of these differences is the N-arm, which cannot be seen in the virion, but
forms an a-helix in the procapsid that extends towards the interior of the capsid. The N-arm
might thus be associated with the scaffolding protein in the procapsid. In this case,
expansion may be coupled to scaffolding protein release via the observed conformational
change in the N-arm. Although both gp47 and gp46 undergo N-terminal processing, this
seems to be independent of scaffolding release and capsid expansion, since cleavage appears
to occur prior to assembly 13.

The most striking change in the 80a capsid protein during capsid maturation is in the spine
helix, and is associated with a switch in the y angle of Pro 132 from +135° to —-45°, leading
to a rotation of the N-terminal half of a3 relative to the rest of the helix (Fig. 6A,B). This
change is propagated through o2 to the whole P domain, including the P loop. However, the
position of the A domain relative to the P domain remains essentially the same. This differs
sharply from HK97, where one of the most striking changes that occur upon capsid
maturation is a rotation of the A domain by up to 39° relative to the P domain 23. Likewise,
in P22, rotation around the so-called B hinge leads to a jackknifing of the A domain towards
the P domain 39. In contrast, the transition in 80a is a more of a concerted movement that is
propagated from the a3 kink through the whole structure. This conformational switch is also
transmitted to the subunit interactions, specifically the way the E loops make contact with
adjacent subunits. In the procapsid, the E loop interacts with the P loop of the adjacent
subunit; in the virion, the E loop instead interacts with the spine helix. The trivalent
interactions, mediated by the P loops, are mostly preserved (Fig. 5C,F and 6C). The 80a
structures thus show how a complex process like capsid expansion can be effected via a
simple binary switch. It might have been expected, perhaps, that the capsid protein
interactions would be more malleable and thus subject to greater change than the protein
conformations. However, in spite of large conformational changes, capsid protein
interactions actually tend to be conserved.

When 800 mobilizes SaPI1, the capsids produced are smaller than those normally formed by
80a alone 15. This SaPl1-induced size change is reminiscent of the enterobacterial
bacteriophage P2/P4 system, in which P4 can induce a size change of the P2 capsid
45:46:47. In this case, the size change is effected by the P4-encoded protein Sid, which
forms an external scaffold around the P4 procapsids 48. We previously showed that while
mature SaPl1 virions contain the same proteins as 80a, SaPI11 procapsids contain at least one
additional SaPl1-encoded protein, gp6 13. The equivalent protein in the related SaPlbov1l
had previously been genetically implicated in size determination 49 and would therefore
seem to be a prime candidate for a size determination factor in this system. Work is
currently underway to understand whether the SaPI1 size determination process is similar to
the P2/P4 system and how additional SaPl1-encoded proteins may lead to reprogramming of
the gp47 conformational repertoire to form small capsids.
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Materials and methods

Production and purification of 80a virions and procapsids

80a virions and procapsids were produced by induction of the lysogenic S. aureus strains
RN10616 and ST24, which carry 80a wild type and 800 AterS prophages, respectively 50.
The cells were grown at 32 °C in CY broth as previously described 27. The prophages were
induced by the addition of 2 mg/L mitomycin C (Sigma) at OD54¢=0.4-0.5 and grown until
lysis, which typically occurred at 2.5 h post induction for 80a virions and 4 h for 80a
procapsids.

Lysates were clarified by centrifugation at 5,4009 for 20 min. 80a virions were harvested by
precipitation of the lysate with 10% (wt/vol) PEG 6,000 and 0.5 M NaCl overnight at 4°C,
followed by centrifugation at 5,400g for 20 min. The PEG pellet was resuspended in phage
buffer (50 mM Tris pH 7.8, 100 mM NaCl, 1 mM MgSO,4 and 4 mM CacCly), and one-third
volume of chloroform was added. The mixture was vortexed and centrifuged at 8,200g for
15 min. The aqueous (top) phase was collected and 0.5 g CsCl were added per ml solution
and centrifuged at 339,0009 for 20 h at 15°C in a Beckman NVTi 90 rotor. The virion-
containing bands were harvested and dialyzed against dialysis buffer (20 mM Tris pH 7.8,
50 mM NaCl, 1 mM MgCly, 2 mM CaCl,) and used for EM.

80a procapsids were produced similarly, except that 0.3-0.5 g CsCl were added per ml
CHCl3-extracted solution. The procapsid-containing bands were collected, dialyzed and
loaded onto 10-40% sucrose gradients in phage buffer and centrifuged for 2 h at 110,000g in
a Beckman SW41 rotor. Twelve fractions were collected manually from the top of the
sucrose gradients and analyzed by SDS-PAGE to check for the presence of procapsid-
related proteins. Fractions containing predominantly procapsids were pelleted by
centrifugation at 110,000g for 1 hr. The pellet was resuspended in dialysis buffer and used
for EM experiments.

Electron microscopy

Cryo-EM was done by standard methods 51: 3ul of sample was applied to non-glow
discharged C-flat holey film (Electron Microscopy Sciences, Hatfield, PA), blotted briefly
before plunging into liquid ethane, and transferred to a Gatan 626 cryo-sample holder. All
samples were observed in an FEI Tecnai F20 electron microscope operated at 200kV, and
images were captured on Kodak SO-163 film at a magnification of 62,000x.

Three-dimensional reconstruction

The micrographs were scanned at 4,000 dpi on a Nikon CoolScan 9000 ED film scanner,
corresponding to a pixel size of 0.1024 nm on the specimen. The subsequent processing was
primarily done using the EMAN program suite 28. The images were binned to a pixel size of
0.2048 nm using the median value as implemented in proc2d, and particles were picked
using boxer with a box size of 384x384 pixels for 80a virions and 372x372 pixels for 80a
procapsids. The images were low pass filtered with a 0.5 nm resolution Gaussian filter.
Contrast transfer function parameters were determined using the program ctfit and phase
correction was applied to the images. Classification, generation of class averages and
reconstruction by backprojection were done as implemented in EMAN. The resolution was
assessed using Fourier shell correlation between two separate reconstructions using half the
data set, and the final reconstructions were low pass filtered at 0.6 nm resolution.
Visualization of the maps and fitting of the capsid protein structure were done using UCSF
Chimera 36:52. The appropriate density cutoff level was determined by first deleting the
density attributable to the DNA in the virion and the scaffolding in the procapsid, and then
calculating the cutoff level consistent with the predicted 420 x 35.1 kDa mass of the shell.
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The reconstructions were submitted to the EMDB (http://emdep.rutgers.edu) with accession
numbers EMD-5236 and EMD-5237 for the virion and procapsid, respectively.

An initial search for structural homologues using the program Phyre 33 identified HK97 gp5
as the top hit, and output a sequence alignment and a gp5-based structural model. An
improved model was generated with the program I-TASSER 34, specifying HK97 gp5 (PDB
ID: 10HG) as a template. I-TASSER returned five models with C-scores from — 1.77 to
+0.65, all of which followed the fold of the template, but with differences in the connecting
loops between secondary structure elements. The highest-scoring model from ITASSER was
chosen as a starting point for the fitting of subunit B in the virion map. Initial rigid-body
fitting into the 80a. virion electron density maps was done using UCSF Chimera36:52.
Flexible fitting of the 80a gp47 A domain (residues 164-250) was performed using the
simulated annealing molecular dynamics (MD) function of Flex-EM 35. Four MD cycles
were done and the resulting model was recombined with the rigid body fitted I-TASSER
model for the P domain. This initial fit was followed by several cycles of manual modeling
and geometrical optimization in O 37, and cross-correlation fitting using Chimera 36:52.
The geometrical quality of the model was assessed using Molprobity 38. Fitting of the
procapsid subunits was carried out in a similar manner, using the fitted B subunit from the
virion as a starting point for the procapsid B subunit. Subunit B in both the virion and
procapsid was then used as a starting point for modeling the other six subunits. Subunit
interactions and conformational differences were analyzed by the CCP4 programs contacts
and Isgkab, respectively53.
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Figure 1.
Cryo-electron micrographs of 80a. (A) virions and (B) procapsids. A baseplate seen end-on

is indicated (arrow), showing the hexagonal star-like structure with six appendages. Scale
bar, 100 nm.
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Figure 2.

Icosahedral reconstructions of 80a. capsids. (A) Schematic diagram showing one triangular
face (large triangle) delimited by three fivefold and three twofold axes (pentagons and ovals,
respectively). The icosahedral threefold (filled triangle) is in the center of the face. Each
gp47 subunit is shown as a sphinx-like shape, representing the A and P domains, E loop and
P loop as shown in the inset. The seven gp47 subunits corresponding to one asymmetric unit
are colored: A, red; B, blue; C, teal; D, cyan; E, green; F, yellow; G, orange. The triangular
face has an Ag pentamer at each corner and includes three neighboring BCDEFG hexamers.
One neighboring hexamer on an adjacent face is also drawn (gray lettering) to show the
three different types of trivalent subunit interactions (numbered triangles). (B) Isosurface
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representation of the 80a virion reconstruction, viewed down a threefold axis and rendered
at a cutoff level consistent with the calculated mass of the capsid. The capsid is radially
colored from red (center of capsid) to blue (farthest from center). One icosahedral face
corresponding to the triangle in (A) is shown, with twofold, threefold and fivefold symmetry
axes indicated. The A, B, C, D, E, F and G subunits in one asymmetric unit are marked. (C)
Central section through the virion reconstruction in gray scale representation from white
(lowest density) to black (highest density). The arrows indicate the twofold axes. Pertinent
dimensions are indicated. (D) Isosurface representation of the 80a procapsid reconstruction,
viewed, rendered and labeled as in (B). (E) Central section through the procapsid
reconstruction, viewed and labeled as in (C).
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Figure 3.

Sequence and secondary structure of 80a gp47 and HK97 gp5. The alignment was made by
I-TASSER and edited according to the final model. Filled boxes show sequence identity,
while open boxes show residues that share physicochemical properties, as defined in the
ESPript program 54. The gp47 sequence starts at Ala 15, after the maturation cleavage site
13. The sequences corresponding to the N-arm, E loop, P domain and A domain are
indicated. The secondary structure elements of gp47 according to the final model are shown
as spirals (a-helices) and arrows (B-strands) above the alignment. The numbering of the a-
helices follows that of HK97 22. The asterisk indicates the kink-forming Pro 132 residue in
a3.
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Figure 4.

Modeling of gp47. (A) Ribbon representation of the gp47 (subunit B) model in the 80a
virion, colored according to structural domains (red, N-arm; yellow, E loop; green, P
domain; blue, A domain), and superimposed on HK97 gp5 (PDB ID: 10HG) in gray. (B)
Ribbon diagram of gp47 fitted into corresponding density from the 80a virion
reconstruction. (C) Superposition of the models for the seven non-equivalent subunits in the
80a virion, colored as in Fig. 2A. (D) Ribbon representation of the gp47 (subunit B)
procapsid model, superimposed on the HK97 gp5 procapsid structure (PDB 1D: 3E8K),
colored as in (A). (E) The gp47 model fitted into the 80a procapsid reconstruction. (F)
Superposition of the seven non-equivalent subunits in the procapsid.
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Figure 5.

Capsid protein interactions. Ribbon diagrams of the gp47 model are shown fitted into the
capsid electron density in the virion (A-C) and the procapsid (D-F). (A, D) asymmetric unit,
comprising one fifth of a pentamer and a BCDEFG hexamer; (B, E) As pentamer; and (C, F)
the type 1 (EEE) trimer. Subunits are colored as in Fig. 2A.
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Figure 6.

Comparison of the 800 procapsid and virion. (A) Superposition of the gp47 (subunit B)
models in the procapsid (blue) and the virion (gray), aligned on the C-terminal part of the
spine helix (residues 133-149). The right panel shows the same superposition rotated by 90°
relative to the left panel. (B) Detail of interactions between the E loop and the P domain of
an adjacent subunit in the procapsid (blue) and virion (red), aligned as in (A). (C)
Superposition of the density for the type 1 trimer in the virion (solid, transparent green) and
procapsid (mesh) with the corresponding models of gp47 (subunit E) fitted in (blue,
procapsid; red, virion). The arrows indicate domain movements upon capsid expansion.
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