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Abstract
The Staphylococcus aureus pathogenicity island SaPI1 carries the gene for the toxic shock syndrome
toxin TSST-1 and can be mobilized by infection with S. aureus helper phage 80α. SaPI1 depends on
the helper phage for excision, replication and genome packaging. The SaPI1 transducing particles
are comprised of proteins encoded by the helper phage, but have a smaller capsid commensurate with
the smaller size of the SaPI1 genome. Previous studies identified only 80α-encoded proteins in mature
SaPI1 virions, implying that the presumptive SaPI1 capsid size determination function(s) must act
transiently during capsid assembly or maturation. In this study, 80α and SaPI1 procapsids were
produced by induction of phage mutants lacking functional 80α or SaPI1 small terminase subunits.
By cryo-electron microscopy, these procapsids have a rounded shape and an internal scaffolding
core. Mass spectrometry (MS) was used to identify all 80α-encoded structural proteins in 80α and
SaPI1 procapsids, including several that had not previously been found in the mature capsids. In
addition, SaPI1 procapsids contained at least one SaPI1-encoded protein that has been implicated
genetically in capsid size determination. MS on full-length phage proteins showed that the major
capsid protein and the scaffolding protein are N-terminally processed in both 80α and SaPI1
procapsids.
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Introduction
Staphylococcus aureus pathogenicity islands (SaPIs) are a family of 15- to 27- kb genetic
elements that carry genes encoding a variety of superantigen toxins 1,2,3. SaPIs are stably
integrated at specific chromosomal sites, but can be mobilized following infection by certain
staphylococcal bacteriophages 4 or by SOS induction of endogenous prophages by
environmental stress, including certain antibiotics 5,6. The prototype member of the SaPI
family, SaPI1, contains genes for the toxic shock syndrome toxin (TSST-1) as well as
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enterotoxins Q and K 2,4. SaPI1 can be mobilized by bacteriophage 80α 7, leading to the
formation of SaPI1 transducing particles that have a morphology similar to that of 80α, but
with capsids that are about one-third the volume of those of the helper phage, commensurate
with the smaller size of the SaPI1 DNA 4,8. Integration and excision of SaPIs is phage-like,
occurring by site-specific recombination between a specific att sequence on the pathogenicity
island and a corresponding chromosomal att site, which leads to the generation of short direct
repeats flanking the integrated element. SaPI1 encodes an integrase that resembles phage
integrases and is sufficient for the site-specific integration of the pathogenicity island, but
cannot promote SaPI1 excision in the absence of the helper phage 4. A second phage-like SaPI1
gene encodes a protein homologous to the small subunit of phage terminase, an enzyme
involved in DNA encapsidation.

The major capsid protein of 80α is gp47, the gene product (gp) of open reading frame (ORF)
47 8. (See GenBank accession code NC_009526 for the most recent gene assignments.) ORF
46 encodes a scaffolding protein which is not present in the mature capsid 8. This is typical of
most dsDNA bacteriophages, where the major capsid protein is assembled into a precursor
capsid, or procapsid, requiring the action of a scaffolding protein that acts catalytically during
assembly 9,10. Formation of viable capsids also requires the incorporation of a portal protein
that acts as the entry and exit portal for the DNA genome and as a connector between head and
tail. The 80α portal has been identified as gp42 8. 80αencodes typical small (gp40) and large
(gp41) terminase subunits that are used for DNA packaging. SaPI1 normally utilizes the SaPI1-
encoded small terminase subunit for efficient DNA packaging into small capsids (G.E.C. and
N.P. Olivarez, unpublished data).

The SaPI1-dependent capsid size determination is reminiscent of the exploitation of helper
phage P2 by the genetically unrelated satellite phage P4 in Escherichia coli 11,12, during which
P4 causes the packaging of P4 genomes into smaller capsids constructed from P2-encoded
structural proteins. The T=4 icosahedral P4 capsid is one-third the size of the normal T=7 P2
capsid 13, thereby excluding the three times larger P2 genome from being packaged. The P4
size determination is dependent on the P4-encoded protein Sid 14, which forms an external
scaffold around the P4 precursor capsids, or procapsids, during P4 assembly 15,16. By analogy,
it is reasonable to hypothesize that SaPI1 encodes proteins that direct the formation of smaller
capsids from 80α helper phage proteins. Indeed, genetic experiments have shown that
homologues of SaPI1 ORFs 6 and 7 in the closely related SaPIbov1 are involved in the size
determination, and deletion of either of these two genes led to failure to form small capsids
17. In previous experiments, we showed that SaPI1 virions are composed of the same 80α-
encoded proteins as 80α virions 8. Likewise, SaPIbov particles are composed of proteins
derived from its helper phage, φ11 18. These results imply that the presumptive SaPI1-encoded
capsid size determination functions act transiently at an earlier step in the assembly process,
during procapsid assembly or capsid maturation. This would be equivalent to the mode of
action of the P4 Sid protein.

In this study, we analyze the structure and protein composition of 80α and SaPI1 procapsids
produced by mutants lacking the respective small terminase subunit genes. In-gel digestion
followed by mass spectrometry was used to identify the proteins in the capsids. The procapsids
contain several proteins that were not previously found in 80α and SaPI1 virions. Most notably,
SaPI1 procapsids contain at least one SaPI1-encoded gene product that has previously been
implicated in size determination. We have also found that both the major capsid protein and
the scaffolding protein are N-terminally processed and we have identified the cleavage sites.
Such cleavage is likely an important step in the capsid assembly and maturation process.
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Results
Production and characterization of procapsids

The 80α small terminase subunit gene (terS) was deleted in-frame from the S. aureus 80α
lysogenic strain RN10616 by allelic exchange, resulting in the ΔterS strain ST24 (G.E.C. and
N.P. Olivarez, unpublished). Likewise, the SaPI1 terS gene was deleted from the SaPI1-
positive 80α lysogen RN10628, yielding strain ST37 (see Methods). The small terminase
subunits of 80α and SaPI1 are required for DNA packaging of the respective genomes (G.E.C.
and N.P. Olivarez, unpublished data); hence, these mutants were expected to be blocked at the
procapsid stage, prior to DNA packaging. The ΔterS cells were grown as previously described
19. Phage production was induced by the addition of 2 mg/L mitomycin C. Upon cell lysis the
phage particles were harvested by precipitation with polyethylene glycol (PEG) 8,000 and
purified on CsCl gradients. The protein-containing band from the gradients was observed by
negative stain EM and separated further by velocity sedimentation on sucrose gradients. The
fractions from the sucrose gradient were analyzed by SDS-PAGE.

SDS-PAGE of the sucrose gradient-purified material produced in the 80α ΔterS mutant strain
ST24 showed that tail proteins were mostly enriched in the more slowly sedimenting fractions
(F3–F4; Fig 1A), while the major capsid and scaffolding proteins were found predominantly
in the faster sedimenting fractions (F5–F8). Based on density measurements in the SDS-PAGE
gel, the molar ratio of scaffolding to capsid protein (SP:CP) varies between 0.33 (lane 8) to
0.76 (lane 6). Very little soluble protein was seen at the top of the gradient, suggesting that
structural proteins were effectively incorporated into stable procapsids.

The fractions containing predominantly capsid and scaffolding protein (F6–F8) were pooled,
concentrated by pelleting and observed by cryo-EM (Fig. 2A). The 80α procapsids appear as
a uniform population of 51 nm diameter particles with the thick-walled (≈4 nm thick), rounded
shape that is characteristic of bacteriophage procapsids 20,21. The procapsid particles contain
a 37 nm inner core that is separated from the inside of the capsid shell by a ≈2 nm gap. The
core seems to consist of elongated or punctate densities, assumed to correspond to the 80α
scaffolding protein, gp46. A small number (<2 %) of thin-walled, larger capsids with a more
angular outline were also present, presumably corresponding to spontaneously expanded shells
and aberrant assemblies. By comparison, the capsids of DNA-filled 80α virions are larger (57–
63 nm) and have a more angular shape and a thin capsid shell (Fig. 2B). The virions also have
approximately 190 nm long, flexuous tails with large and elaborate baseplates.

The less highly purified 80α procapsid material from the CsCl density gradient included loose
tails as well as procapsids (Fig. 2C). The tails are assembled via a separate pathway and co-
purify with the procapsids on CsCl gradients. Surprisingly, a number of procapsids had tails
attached. Normally, tail attachment should occur after DNA packaging, since premature tail
attachment would lead to a failure to package DNA. As expected, no capsids filled with DNA
were found in the absence of 80α TerS.

SaPI1 procapsids were made in the SaPI1 ΔterS mutant strain ST37 and purified on sucrose
gradients in the same way (Fig. 1B). In this case, a large amount of capsid protein and
scaffolding protein remained in the soluble fraction on top of the gradient, suggesting that
assembly is less efficient than in 80α or that the SaPI1 procapsids are unstable. The rest of the
protein separated into a fraction containing both tail and capsid protein (F2–F3) and a faster
sedimenting fraction containing predominantly capsid and scaffolding protein (F4–F6; Fig.
1B). The ratio of scaffolding to capsid protein in these fractions was lower (around 0.2 for F4–
F6) than in the 80α procapsid separation.
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Cryo-EM of the sucrose-purified SaPI1 procapsids from the pooled capsid and scaffolding-
containing fractions F4-F6 showed a number of 39 nm SaPI1 procapsid particles, smaller than,
but similar in appearance to, the 80α procapsids (Fig. 2D). However, more than 50% of the
particles were thin-walled shells with a diameter of 46 nm, lacking a scaffolding core (Fig 2D).
This again suggests that the SaPI1 procapsids are inherently less stable than the 80α procapsids
and more liable to spontaneous expansion and scaffolding loss, at least in the presence of
sucrose, and is consistent with the lower measured SP:CP ratio.

The ST37 sample also yielded a higher density fraction in the CsCl gradient that was found to
contain mature SaPI1 particles filled with DNA (not shown), showing that the 80αTerS is able
to package DNA into SaPI1 size particles, albeit at lower efficiency than the SaPI1 TerS. This
packaged DNA consists predominantly of 80α DNA fragments (G.E.C. and N. Olivarez,
unpublished data). Thus, at least some of the empty, expanded shells seen in the sucrose purified
sample could have resulted from packaged SaPI1 particles that had lost their DNA. Only a few
larger 80α-size shells were seen (<5% of procapsids and expanded shells; Fig 2D, inset),
consistent with the reported interference of SaPI1 with the lytic growth of 80α7.

Identification of procapsid proteins
SDS-PAGE of the CsCl-purified 80α and SaPI1 proteins showed a set of bands mostly
corresponding to those previously described for the CsCl-purified 80α and SaPI1 virions 8,
including a full complement of head and tail proteins (Fig. 3). Consistent with previous
results8, the observed bands include minor tail proteins gp59, gp61, gp62 and gp68 (theoretical
masses of 71.0, 73.7, 66.8 kDa and 43.8 kDa, respectively), portal protein (gp42; 59.5 kDa),
the major capsid protein gp47 (36.8 kDa) and the major tail protein gp53 (21.5 kDa). In
addition, both 80α and SaPI1 procapsid samples displayed a prominent band at an apparent
mass of around 27 kDa, which corresponds to the gp46 scaffolding protein (calculated mass
23.4 kDa). SDS-PAGE of the sucrose-gradient purified 80α and SaPI1 procapsids showed a
similar set of capsid proteins, but greatly reduced amounts of the tail proteins. In addition, the
SaPI1 procapsids yielded a faint band at 8 kDa (Fig. 3), subsequently identified as SaPI1 gp6
(see below).

For a conclusive identification of the complete set of structural proteins in 80α and SaPI1
procapsids, mass spectrometry was employed. For this experiment, the CsCl-purified samples
as well as the sucrose gradient-purified procapsids of both 80α and SaPI1 were separated by
SDS-PAGE, in-gel digested with trypsin and analyzed by liquid chromatography and tandem
mass spectroscopy. The resulting spectra were compared to a S. aureus protein database to
identify all phage- and SaPI1-related proteins in the digest.

A complete list of all 80α and SaPI1 proteins detected in both samples is shown in Table 1.
Although the MS experiment does not quantitate the amount of the different proteins, the
percentage sequence coverage listed in the table gives a rough indication of the relative
abundance, although the high sensitivity of the MS instrument ensures that even very low
abundance proteins in the samples can be detected. Further details, including a list of the
individual peptides identified, can be found in Supplementary Table 1 (80α proteins) and
Supplementary Table 2 (SaPI1 proteins).

The proteins detected include all those previously identified in virions 8 and seen by SDS-
PAGE. A number of additional proteins were also detected, as shown in Table 1. Several
proteins were detected in the CsCl-purified material, but not in the sucrose-purified procapsids
or were detected with a greatly reduced sequence coverage, suggesting a much lower
abundance. Many of these correspond to tail-related proteins, while some may correspond to
proteins that are only loosely attached to the procapsids. Others likely correspond to abundant
non-structural phage proteins that co-purified on the CsCl gradients. We suspect this is the case
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for proteins gp8, gp20, gp48 and gp71, which have described functions that are not of a
structural nature. Nevertheless, it is possible that they have a dual role, similar to that of the
Psu antiterminator protein of bacteriophage P4, which doubles as a capsid decoration protein
22,23. A number of unrelated host proteins were also detected in the CsCl-purified material,
including ribosome-related proteins and abundant enzymes (data not shown). Very few host
proteins were found in the sucrose-purified sample. The 80α and SaPI1 proteins detected in
the CsCl protein fraction include several ORFs listed as “hypothetical proteins” in the GenBank
entry. The presence of these proteins demonstrates that these ORFs do correspond to real gene
products.

Some of the most notable differences between the proteins found in the procapsids and those
previously observed in the virions by Tallent et al. (2007)8 are listed below:

Phage 80α protein gp10 corresponds to a small 6.7 kDa protein (YP_001285324.1) of unknown
function that was found in SaPI1 procapsids, but not in 80α procapsids, and was not previously
observed in virions. Similarly, 80α proteins gp16 (YP_001285330.1; 23.7 kDa) and gp36
(YP_001285350.1; 15.0 kDa) correspond to proteins of unknown function not previously seen
in virions, but found in both 80α and SaPI1 procapsids. The abundance in the sucrose-purified
procapsids appears to be low, except for gp36 in SaPI1, suggesting only a loose association
with procapsids.

Gp40 and gp41 correspond to the 80α small and large terminase subunit, respectively. Both
were present in the SaPI1 CsCl sample, but were not found in purified procapsids. The 80α
procapsid mutant ST24 had the terS gene deleted, and consequently did not contain any TerS
protein. The fact that TerL is only detected, even in the CsCl fraction, in the presence of TerS
suggests that TerL binds to the procapsids via interaction with TerS. This is consistent with
the proposed mechanism in bacteriophage P22, in which TerS forms a ring-like oligomer that
docks with the procapsid during DNA packaging, while TerL binds to this TerS complex 24,
but differs from other systems, like T4, in which it is TerL that binds to the procapsid 25,26.
The apparent association of a small amount of 80α terminase complex with SaPI1 procapsids
is consistent with the demonstrated ability of the 80α TerS to package a limited amount of
DNA into small (SaPI1-size) procapsids. The absence of terminase proteins in the purified
procapsids indicates that the terminase complex is only loosely bound to capsids, probably
only transiently during DNA packaging. It is possible that the SaPI1 TerS would bind the small
procapsids more efficiently, thus providing a possible basis for the DNA packaging specificity.

ORFs 53–69 appear to constitute an operon that contains mainly tail-related genes. Some of
the proteins detected that are encoded by this region can be directly related to analogous genes
in other phages, including E. coli phage lambda 27 and Lactococcus phage Tuc2009 28. Thus,
gp54 and gp55, which were present in the 80α CsCl-purified protein sample, appear to
correspond to “tail assembly proteins” that would normally not be present in mature phage
29. Gp58, gp64, gp66 and gp67, not previously detected, also most likely correspond to tail
proteins. By comparison with Tuc2009, they are probably located in the baseplate, as are the
previously described tail proteins gp59, gp61 and gp62, although they appear to have no direct
parallels in Tuc2009. Deletion of the gp62 homolog (ORF54) in S. aureus phage φ11affects
formation of the baseplate structure 18. Curiously, while this protein is essential for growth of
φ11 or 80α, deletion of this gene reduces, but does not eliminate, SaPI transduction by either
phage. On the other hand, we see no evidence of several hypothetical proteins encoded by other
small ORFs in the same operon, namely gp57, gp60, gp63 and gp65. It is likely that some or
all of these ORFs do not actually code for any protein products or that they play only a catalytic
role and are not stably associated with the tail structure. While some tail proteins are only seen
in the CsCl-purified material, the more abundant ones are also found in the purified procapsid
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fractions, since some tails and procapsids with attached tails would be expected to co-sediment
with the procapsids in the sucrose gradients.

Five additional SaPI1-encoded proteins were found in the CsCl-purified SaPI1 protein sample,
encoded by ORFs 5, 6, 7, 11 and 18, although only gp6 was seen at high abundance in the
sucrose gradient-purified procapsids (Table 1). Gp5 and gp7 were not seen on SDS-PAGE of
the CsCl material, due to overlap with the gp46 scaffolding protein band, but their presence
there was confirmed by MALDI-MS. The 8.3 kDa gp6 protein corresponds to the 8 kDa band
seen by SDS-PAGE (Fig. 3). Genetic evidence has implicated gp6 and gp7 in capsid size
determination, while gp5 may play an accessory role 17,30. The functions of gp11 and gp18
are unknown, but deletion of the genes encoding the homologous proteins from SaPIbov did
not impair SaPI replication or transduction 30. The low abundance of gp7 in the purified
procapsids suggests that it either serves a non-structural function, acts at an early stage in
assembly or is only loosely attached to the procapsids.

Characterization of full-length proteins
Plasmid pPD2 is a derivative of pET21 that overexpresses the 80α capsid and scaffolding
proteins in E. coli (see Methods). When the proteins expressed following induction of pPD2
were analyzed by SDS-PAGE side-by-side with the purified 80α and SaPI procapsids, there
was a discrepancy in the mobility of both the capsid protein (gp47) and scaffolding protein
(gp46) (Fig. 4A). This suggested that both proteins were cleaved in the native procapsids, and
hence also in the virions.

To determine the cleavage site of the two proteins, CsCl-purified 80α and SaPI1 procapsid-
containing samples were disrupted in 6M urea and 0.1 % formic acid, and the proteins were
separated by reverse phase chromatography and analyzed by ESI-MS as previously described
31(Fig. 5A and supplementary data). Only the most abundant proteins are detected in this
experiment, and low molecular weight proteins are detected more efficiently than larger
proteins. The measured masses of 35,062.20±0.18 Da in 80α and 35,061.86±0.53 Da in SaPI1
are within 1 Da of the calculated mass (35,062.9 Da) for residues 15–324 of the 80α major
capsid protein (gp47). The measured mass of 21,700.5±0.07 Da (in 80α) and 21,701.05±0.34
Da (in SaPI1) are within 1 Da of the calculated mass (21,700.9 Da) for residues 14–206 of the
80α scaffolding protein gp46. Although the high mass accuracy of the measurement allowed
the sequence to be assigned with high confidence, the N- and/or C-terminal sequences of the
peptides were confirmed by tandem mass spectrometry (see supplementary data). This result
shows that there is identical processing of capsid and scaffolding proteins during assembly of
both 80α and SaPI1 procapsids.

In addition, masses of 21,394.86±0.30 Da and 21,394.47±0.61 Da were found in 80αand SaPI1,
respectively. These correspond to gp53, the major tail protein, after removal of the N-terminal
Met (theoretical mass 21,394.5 Da). In addition, the SaPI1 procapsids spectra showed measured
masses of 8,271.57±0.19 Da and 22,804.03±0.41 Da, which correspond to the SaPI proteins
gp6 (theoretical mass 8,272.2 Da) and gp7 (theoretical mass 22,805.3 Da), respectively, both
proteins with their N-terminal Met residues retained. These are the two SaPI1 proteins
implicated in size determination 17 that were also found in the tryptic digests (Table 1). The
fact that SaPI1 gp6 and gp7 show up so clearly in the whole phage preparation suggests that
these proteins are major constituents of SaPI1 procapsids. Failure to detect gp7 by SDS-PAGE
is due to its comigration with the scaffolding protein.
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Discussion
Procapsid and scaffold structure

Electron microscopy of 80α and SaPI1 procapsids confirmed the expected features of
bacteriophage procapsids: smaller size than the mature capsids, a more rounded, thick-walled
shape and an internal core. The 80α and SaPI1 procapsids appear to contain a complete core
shell, consisting of radial segments of around 12–14 nm length (Fig. 1B), which would
correspond to 80–100 residues of an α-helix. The mature, 193-residue gp46 protein is predicted
to be predominantly α-helical, like other known scaffolding proteins, and has a strong
propensity for coiled coil formation. Perhaps the observed radial segments correspond to these
coiled coils. Density measurements on the SDS-PAGE gels indicate that scaffolding and capsid
proteins are found in a molar ratio of between 0.33:1 and 0.76:1, corresponding to 137–315
copies of gp46 and 415 copies of gp47, assuming T=7 symmetry for the 80α capsid and one
unique vertex. In SaPI1, the ratio is only 0.2:1 suggesting that other factors may substitute for
some of the gp46. However, the SaPI1 measurements are complicated by the presence of
expanded scaffold-less shells in this sample (Fig. 2D). Thus, the role of the scaffolding protein
may be to switch the conformation of a specific subset of gp47 monomers.

The presence of procapsids with tails was surprising. It is possible that the high concentration
of procapsids and tails that accumulate in the ΔterS mutant leads to spontaneous tail attachment.
More likely, TerS normally blocks tail attachment by binding to the portal complex, so that in
the 80α ΔterS mutant, tails would be free to attach to the heads. That there are fewer heads
with tails attached in the SaPI1 sample supports this idea, since the MS results suggest that at
least some SaPI1 procapsids have the 80α TerS attached during assembly.

Role of protein cleavage in capsid assembly and maturation
Comparison of the full-length 80α major capsid and scaffolding proteins expressed in E. coli
to those found in procapsids revealed that both proteins are cleaved in 80α and SaPI1 procapsids
and hence also in the virions (Fig. 4). Analysis of sequences around the truncation sites of the
major capsid and scaffolding proteins revealed significant similarities, with a consensus
sequence of KLKxNLQxF*A, where * denotes the cleavage site (Fig. 4). This similarity
strongly suggests that the proteins are cleaved by the same protease. There is no difference in
the processing of the two proteins between 80α and SaPI1, ruling out an involvement of
differential protein processing in the capsid size determination.

Cleavage of the structural proteins is a common, albeit not universal feature of dsDNA
bacteriophages. Bacteriophages P2, T4 and HK97 all exhibit cleavage of the major capsid
protein. Such cleavage occurs after procapsid assembly and is considered an important control
point in the assembly pathway that is essential for capsid expansion to occur 21,32. The effect
of the cleavage may be to cause capsid expansion by destabilizing procapsid protein–protein
interactions or to induce release of the scaffolding proteins. In bacteriophage P4 procapsids,
experimental cleavage of the capsid protein with trypsin led to capsid expansion and scaffold
removal 33. Cleavage and even complete degradation of the scaffolding protein is also
commonly found and provides a mechanism for scaffolding removal and escape from the
procapsid in some systems 9,10.

The maturation cleavage in these systems is carried out by a phage protease that is usually
located immediately upstream of the scaffolding protein in the same operon and sometimes
the protease function is embedded in the scaffolding protein itself. Thus, the most likely
candidate for a protease function in 80α is gp44. This protein was found in both 80αand SaPI1
procapsids, and previously in 80α virions 8, and appears to be a minor component of the core
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itself. If gp44 is indeed the protease, deletion of ORF 44 would most likely lead to the
accumulation of uncleaved, immature procapsids.

Capsid size determination
The most significant finding in our study in terms of understanding capsid size determination
was the identification of several SaPI1-encoded proteins in the SaPI1 procapsids. Two of these
proteins corresponded to the SaPI1 proteins gp6 and gp7, which had previously been implicated
in size determination 17. Although both proteins were abundant in the CsCl sample and easily
detected by ESI-MS of full-length proteins (Fig. 5), only gp6 was found in abundance in
sucrose-purified SaPI1 procapsids, suggesting that gp7 may act earlier in assembly or is only
loosely attached to the procapsids. The identification of gp6, and possibly gp7, as structural
components of the SaPI1 procapsid, but not of the mature capsid, suggests that they may
function as alternative size-determining scaffolding proteins, similar to the Sid protein of
bacteriophage P4 15. On SDS-PAGE gels (Fig. 3) gp6 appears to exist in a molar ratio of
0.156:1 with capsid protein, or a total of 37 copies, assuming that the SaPI1 capsid has T=4
symmetry (235 copies of gp47). This is most likely an underestimate, since Coomassie staining
of such small proteins is not quantitative. The amount of gp7 in the CsCl-purified SaPI1
material cannot be estimated directly from the SDS-PAGE since it overlaps with the band that
includes both gp5 and the gp46 scaffolding protein.

What are the roles of gp6 and gp7 in the size determination? In the P2/P4 system, capsid size
is determined by the 244 residue Sid protein, which forms an external scaffold on P4 procapsids
15,16. Secondary structure prediction (PredictProtein) shows that the 192 amino acid gp7
protein is almost 100% α-helical. This is a typical characteristic of scaffolding proteins 9,10,
including Sid. If gp7 forms a similar, external scaffold on SaPI1 procapsids, however, it appears
to be only transiently or loosely associated with the procapsids. The 72 amino acid,
predominantly α-helical gp6 protein, on the other hand, is stably associated with procapsids.
In cryo-electron micrographs of P4 procapsids, the external scaffold is readily visible 16.
However, no such external scaffold is visible in SaPI1 procapsids, which have a similar outline
to the 80α procapsids (Fig. 2). Furthermore, density measurements suggest that the ratio of
scaffolding to capsid protein is less in SaPI1 than in 80α procapsids. Together, these data
suggest that gp6 may act as an internal scaffolding protein that substitutes for some of the gp46
in the SaPI1 procapsids.

The function of gp6 and gp7 is in addition to, rather than instead of, the scaffolding protein of
the helper phage, as deletion of 80α ORF46 in a SaPI1-containing 80α lysogen eliminated the
ability to produce any viable phage or SaPI1 transducing particles (data not shown). However,
it is possible that gp6 and gp7 are sufficient for small procapsid assembly per se, and that gp46
is required for some other activity, such as incorporation of the portal or capsid maturation.
This would be equivalent to the situation in the P2/P4 system, where morphologically correct
small capsids can be made in the presence of the P4 Sid protein without the gpO internal
scaffolding protein even though gpO is essential for the formation of viable capsids that can
package DNA 34,35.

SaPI1 protein gp5 was reported to be non-essential for the formation of small procapsids, but
has an effect on the amount of SaPI-sized DNA packaged into capsids 17,30. In our assay, it
is only seen in the CsCl-purified material and not in purified procapsids. One possible role for
this protein could be to modulate the interaction of procapsids with terminase.

Ultimately, a more careful structural analysis of 80α and SaPI1 procapsids will be needed to
determine which of these models is correct. The tailed dsDNA bacteriophages are
evolutionarily related 36, so structural and functional similarities between 80α and P2 would
be expected. However, the satellite phage P4 and SaPI1 belong to different lineages (not phage-
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related) and are not likely to be evolutionarily related. It should therefore be very interesting
to examine how these diverse replicons have acquired functionally analogous helper phage
exploitation and capsid determination mechanisms.

Materials and methods
Generation of mutants

Allelic exchange was used to construct ST37, a strain of S. aureus carrying an 80α prophage
and a copy of SaPI1 with an in-frame deletion removing most of the coding sequence of the
SaPI1 small terminase gene. Flanking DNA fragments of ~1 kb each were amplified by PCR
and ligated together. A region from ORF6 to the beginning of SaPI1 terS was amplified from
SaPI1 tst::tetM with primers SMT53 and SMT54 (Table 2), and a region from tetM to the end
of SaPI1 terS was amplified with primers SMT51 and SMT52. The PCR products were digested
with HindIII, ligated together, and used as template for amplification with SMT51 and SMT54.
After purification, the resulting PCR product was digested with NcoI and ligated with NcoI-
digested pMAD 37. The resulting plasmid, pPD11, was introduced into E. coli DH5α by
electroporation. Following verification of the construct by sequencing, the plasmid was
introduced by electroporation into the SaPI1 tst::tetM containing 80α lysogen RN10628 (R.P.
Novick, unpublished) for allelic exchange. Cointegrates were selected by incubation at 44 °C
in tryptic soy broth (TSB, Gifco) containing 5 μg/ml erythromycin in the presence of 200 μg/
ml X-gal. Individual EryR blue colonies were purified, grown at 30 °C in TSB to select for
cointegrate resolution, and then plated onto prewarmed TSB plates and incubated at 44 °C to
cure the cells of the plasmid. Individual white colonies were screened by PCR to confirm the
desired deletion and verified by sequencing. Construction of ST24, an 80α lysogen carrying
an in-frame deletion of the 80α small terminase subunit gene, was accomplished using a similar
strategy (G.E.C. and N.P. Olivarez, unpublished).

Cloning and expression of capsid and scaffolding protein
The 80α capsid gene was amplified from 80α DNA using primers SMT34 and SMT35, cleaved
with NdeI and BamHI, and ligated into the pET21a (Novagen) vector. The resulting plasmid,
pPD1, was cleaved with BamHI and SalI and ligated with a fragment containing the 80α
scaffolding protein gene and a synthetic ribosome binding site, generated by PCR amplification
with primers SMT61 and SMT62. Expression of these two proteins from pPD2 in E. coli strain
BLR (DE3) (Invitrogen) was accomplished by induction with 0.5 mM IPTG at 37°C. The cells
were harvested 2 hr post induction, lysed by passage through an EmulsiFlex C3 high pressure
homogenizer (Avestin Inc., Ottawa) and prepared for SDS-PAGE.

Production and purification of procapsids
The 80α ΔterS lysogen ST24 was used as the source of 80a procapsids, while SaPI1 procapsids
were isolated from the SaPI1ΔterS-containing 80α lysogen ST37. Strains were grown at 32 °
C in CY broth as previously described 19, and the 80α prophages were induced by the addition
of 2 mg/L mitomycin C (Sigma) at OD540=0.4–0.5 with lysis occurring 3 hr post induction.
The lysates were clarified by centrifugation at 5,400 × g for 20 min. Procapsids were
precipitated with 10% (w/v) polyethylene glycol 6000 and 0.5M NaCl overnight at 4°C
followed by centrifugation at 5,400 × g for 20 min. The pellets were resuspended in phage
buffer (50 mM Tris, pH 7.8, 100 mM NaCl, 1 mM MgSO4, 4 mM CaCl2) and 0.30–0.50 g
CsCl was added per ml of suspension. In some cases, half a volume of chloroform was added
to the PEG pellet to facilitate resuspension, resulting in a cleaner sample. No difference was
observed in the structure or protein composition between treated and untreated samples. The
resulting solution was centrifuged at 339,000×g for 20 h in a Beckman NVT90 rotor. The
procapsid-containing bands from the CsCl gradients were collected and dialyzed against
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dialysis buffer (20 mM Tris, pH 7.8, 50 mM NaCl, 1 mM MgCl2, 2 mM CaCl2) for further
analysis.

To separate the procapsids from tails, the dialyzed CsCl bands were loaded onto 10–40%
sucrose gradients in phage buffer and centrifuged for 2 h at 110,000×g in a Beckman SW41
rotor. Twelve fractions were collected manually from the sucrose gradients and analyzed by
SDS-PAGE. Fractions containing predominantly procapsids and procapsids with attached tails
were pelleted by centrifugation at 110,000×g for 1 hr. The pellet was resuspended in dialysis
buffer and used for EM and MS experiments.

Electron microscopy
Samples for negative stain were prepared by applying 3 μl procapsid suspension to glow-
discharged carbon-only grids (Electron Microscopy Sciences), washed 2× with dialysis buffer
and stained with 1% uranyl acetate. Cryo-EM was done by standard methods 38: 3μl of sample
was applied to C-flat holey film (Electron Microscopy Sciences), blotted briefly before
plunging into liquid ethane and transferred to a Gatan cryo-sample holder. All samples were
observed in an FEI Tecnai F20 electron microscope operated at 200kV and images were
captured on a 4k × 4k Gatan Ultrascan CCD camera or on Kodak SO-163 film at magnifications
from 38,000× to 81,200×.

Protein identification
Coomassie-stained SDS-PAGE gels of 80α and SaPI1 procapsids were cut into 10–12 strips.
The strips were destained in 60% methanol, 0.1% trifluoroacetic acid (TFA) and dried with
pure acetonitrile. The acetonitrile was removed by evaporation in a Speedvac centrifugal
evaporator and protein digestion was performed by addition of 10 μg/ml Trypsin Gold
(Promega) solution in 100 mM ammonium bicarbonate and incubated for 8 hours at 37°C.
After extraction with 10% acetonitrile, the peptides were loaded on a 100 nm ×10 cm capillary
column in-house packed with C18 Monitor 100 A-spherical silica beads and eluted by a one
hour gradient of 10–100% acetonitrile, 0.1% TFA. Mass spectrometric analysis was performed
on an LTQ XL (Thermo Finnigan) spectrometer. The search for matching peptide sequences
was performed using the SEQUEST search engine with the UniProt database including
Staphylococcal and phage entries. Only peptides with a probability of >0.99 were considered
39.

Measurement of full-length protein masses
Measurement of the whole masses of most abundant proteins composing 80α and SaPI1
procapsids was performed as previously described 31. Briefly, purified procapsids were
disrupted in 6 M urea and 0.1% TFA, loaded on a C4 microtrap reverse phase column and
eluted with a gradient of 0–50% isopropanol, 0–50% acetonitrile, in 0.1% formic acid. Spectra
were acquired on a time-of-flight electrospray mass spectrometer (LCT, Micromass).

Confirmation of cleavage sites of scaffolding and major capsid proteins was achieved by
tandem mass spectrometry of N- and C-terminal peptides on MALDI-TOF/TOF tandem mass
spectrometer (Ultraflex III, Bruker Daltonics). In-gel digests of 80α scaffolding and major
capsid proteins were spotted on a Bruker 384-spot plate and allowed to dry. Equal volumes of
5 mg/ml of α-cyano-hydroxycinnamic acid in 60% acetonitrile and 0.1% TFA were spotted on
top of the digests and allowed to dry. Peptides matching expected C- or N-terminal peptides
of truncated proteins to less than 0.02 Da were fragmented by laser-induced dissociation.
Fragment assignment was performed with BioTools software (Bruker Daltonics) using 0.5 Da
fragment mass accuracy cutoff.

Poliakov et al. Page 10

J Mol Biol. Author manuscript; available in PMC 2009 July 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
SDS-PAGE of sucrose gradient-separated 80α(A) and SaPI1 (B) procapsids. Fraction numbers
(1 ml fractions) and the direction of sedimentation (arrow) are indicated. M, marker, MW as
indicated (kDa). The positions of the capsid protein (CP), major tail protein (TP) and
scaffolding protein (SP) are indicated by arrows, while the triangles indicate fractions that were
pooled and used for cryo-EM and MS analysis.
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Figure 2.
(A) Cryo-EM of sucrose gradient–purified 80α procapsids. Inset, 2× magnified view of one
procapsid with dimensions of the shell and the inner core indicated. (B) Cryo-EM of CsCl-
purified 80α virions. The 2 nm spacing of the internal DNA is clearly visible. One thin-walled,
empty capsid is also shown (inset). (C) Negatively stained CsCl-purified 80α procapsid
fraction, containing a mixture of procapsids, tails and procapsids with attached tails. (D) Cryo-
EM of sucrose gradient-purified SaPI1 procapsids. Inset, one of the about 5% 80α-size
procapsids found in the SaPI1 procapsid sample. Scale bar, 100 nm.
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Figure 3.
SDS-PAGE of the 80α and SaPI1 CsCl-purified protein fraction as well as SaPI1 procapsids
purified on sucrose gradients. The identities of major bands are indicated by the gene product
number.
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Figure 4.
(A) SDS-PAGE of capsid and scaffolding proteins expressed from the clone pPD2 in E. coli
compared to the same proteins from 80α procapsids. The bands corresponding to gp46 (SP)
and gp47 (CP) are indicated on the 80α lane. (B) Table of measured masses of gp46 and gp47
in 80α and SaPI1 procapsids, compared to the theoretical mass for the cleaved protein, as well
as the N-terminal sequence of the two proteins. The cleavage site is indicated by an asterisk
(*).
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Figure 5.
Reverse phase chromatography and ESI-MS of SaPI1 procapsids. The total ion current of the
MS detector is plotted against elution time in minutes. The ion current does not accurately
reflect the abundance of the measured ionic species. Peaks and their corresponding spectra are
shown with the measured masses listed. Peak one (approximately 14 min) includes SaPI1 gp6
(theoretical mass 8,271.5 Da) and N-terminally truncated scaffolding protein gp46 (21,700.9
Da); peak two also contains gp6 as well as SaPI1 gp7 (22,805.3 Da) and major tail protein
gp53 (21,394.5 Da). The third peak in the chromatogram contains N-terminally truncated major
capsid protein gp47 (35,062.9 Da).
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Table 2
Oligonucleotide Primers

Primer Sequence (5′-3′) restriction sites indicated by italics
SMT34 GACTCATATGGAACAAACACAAAAATTAAAAT
SMT35 GACTGGATCCTTATTAAACTTCTCCTGGAACT
SMT51 ACACCATGGGCATACAGATATTCTCTGGA
SMT52 ACAAAGCTTGTGGATGATATACCGTTAGAG
SMT53 ACAAAGCTTCGCTTGTTTTGCCGTTAA
SMT54 ACACCATGGCAATATGCAGGAGATTTCAAG
SMT61 TCAGGGATCCGAAGGAGATATCTCATGGAAGAAAATAAACTTAAG
SMT62 CTTCGTCGACTTAAATGCCTCCGTTAATTTTTAA
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