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Abstract

Many viruses need to stabilize their capsid structure against DNA pressure and for survival in hostile
environments. The 9 kDa outer capsid protein (Soc) of bacteriophage T4, which stabilizes the virus,
attaches to the capsid during the final stage of maturation. There are 870 Soc molecules that act as
“glue” between neighboring hexameric capsomers, forming a “cage” that stabilizes the T4 capsid
against extremes of pH and temperature. Here we report a 1.9 A resolution crystal structure of Soc
from the bacteriophage RB69, a close relative of T4. The RB69 crystal structure and a homology
model of T4 Soc were fitted into the cryo-electron microscopy reconstruction of the T4 capsid. This
established the region of Soc that interacts with the major capsid protein and suggested a mechanism,
verified by extensive mutational and biochemical studies, for stabilization of the capsid in which the
Soc trimers act as clamps between neighboring capsomers. The results demonstrate the factors
involved in stabilizing not only the capsids of T4-like bacteriophages but also many other virus
capsids.
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Introduction

When dsDNA tailed bacteriophages (or phages) assemble their capsid, the assembly of the
major capsid protein is nucleated around a core that consists of the dodecameric portal protein
and various scaffolding proteins.1:2 Parts of the core are then removed and the capsid expands,
initiating DNA packaging.3 Eventually the DNA is packaged to a near crystalline density (~500
mg/ml), exerting ~6 MPa pressure on the capsid shell4. In some viruses, the procapsid
expansion exposes sites for binding of outer capsid proteins that stabilize the capsid against
the internal pressure of the DNAB. The reinforcements provided by the outer capsid proteins
also allow the virus to survive in hostile environments between infections.6 As these proteins
are on the outermost surface of the capsid, they have been useful for decorating the capsid with
antigens that could be used in biotechnological applications.7-9 However, the principles that
govern virus stabilization have remained poorly understood.

Bacteriophage T4 is a double-stranded DNA virus which belongs to the Myoviridae family
and uses E. coli as a host. The T4 virion has a prolate head and a contractile tail, terminating
in a baseplate to which are attached six long tail fibers. The ~1200 A-long and ~860 A-wide
head encapsulates a ~172 kbp DNA genome. It has icosahedral ends and an elongated mid-
section (Fig. 1a). The structure of the T4 capsid had been previously determined using cryo-
electron microscopy (cryo-EM).10:11 The T4 major capsid protein, the product of gene 23
(gp23), forms a hexagonal lattice characterized by the triangulation Tgng = 13 (laevo) for the
icosahedral caps and Tppig = 20 for the capsid midsection.19 One vertex of the T4 capsid is the
portal for DNA entry, tail attachment and DNA ejection through the tail during the infection
process. The portal vertex is formed by a dodecamer of gp20.12 The other 11 capsid vertices
are occupied by pentamers of the special vertex protein gp24. The atomic structure of gp24
had been determined using X-ray crystallography.13 A homology model for the major capsid
protein gp23 was built, based on the 21% sequence identity between gp23 and gp24.13 Both
gp24 and gp23 have a fold similar to the bacteriophage HK97 capsid protein4 with an
additional ‘insertion’ (‘1) domain which forms characteristic protrusions on the T4 capsid
surface.13 In the gp24 crystals, the linker regions between the | domain and the rest of the
protein structure were disordered. It was proposed that in the virus the insertion domain in gp23
or gp24 molecules interacts with adjacent gp23 or gp24 molecules within the same capsomer,
respectively, thus stabilizing the capsomer structure.13

Two accessory proteins, Soc (small outer capsid protein with a 9 kDa molecular mass) and
Hoc (highly antigenic outer capsid protein with a 40 kDa molecular mass), decorate the T4
capsid surface (Fig. 1). Hoc and Soc are dispensable for capsid formation and bind to the virus
only upon capsid expansion in the last stage of capsid maturation. There are 155 Hoc
molecules per capsid. Each Hoc molecule binds to the center of a gp23 hexamer. These Hoc
molecules have only a marginal effect on the capsid stability. However, Soc molecules help to
stabilize T4 capsids at high temperature and against extremes of pH. This accounts for the
almost 10%-fold improved survival of wild-type T4 phage compared to Soc-defective phage at
pH 10.6.5 However, at neutral pH and room temperature, the T4 particles are stable with or
without the presence of Soc. Binding of Soc to T4 polyheads increases their denaturation
temperature by 6°C.1° Thus, Soc prevents changes in the capsid structure as a result of
unfavorable environments such as pH, temperature and other destabilizing forces.

The T4 capsid contains 870 copies of Soc which attach to the capsid surface at the interfaces
between adjacent gp23 hexameric capsomers, thus perhaps serving as a molecular glue.19:11,
16 Soc molecules do not bind at the interface between gp24 pentamers and gp23 hexamers nor
around the gp20 portal vertex. Ultracentrifugation analysis showed that Soc is a monomer in
solution.1 However, the cryoEM reconstruction shows trimeric and dimeric interfaces
between Soc molecules on the virus capsid surface (Fig. 1b) and, of these, the trimeric
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interactions are more extensive (have a greater surface area of contact) than the dimeric
interactions.

Many T4-like phages have homologous Soc-like molecules that stabilize the capsid (Fig. 2a).
Other phages and some eukaryotic viruses such as adenoviruses and herpes viruses also have
capsid decorative proteins that form trimers on the viral capsid, possibly involved in capsid
stabilization®17-23 (Table 1), but show no detectable sequence similarity to T4 Soc. In general,
these proteins exhibit specificity towards the mature conformational states of their viral
capsids.

Soc might also help to stabilize the capsid against osmotic shock. Some osmotic shock resistant
mutations of T4 were mapped to gene 2424 suggesting that the capsid disruption under osmotic
stress is initiated at the pentameric vertices where there is no Soc.1? It was hypothesized that
the osmotic-shock resistant mutations would allow Soc to bind around the pentameric vertices,
thereby stabilizing the virus.1! Alternatively, the mutations in gp24 might cause reinforcement
of intermolecular interactions at the capsid vertices without the requirement for Soc. Some T4
gp24-“bypass” mutants also have an osmotic-shock resistant phenotype. These mutants map
onto the major capsid protein gene 23 and have amino acid substitutions that permit capsid
assembly without the special vertex protein gp24.2%:26 In these mutants the pentameric vertices
are occupied by gp23, creating five potential binding sites for Soc molecules around each
pentameric vertex as verified in one case.2’ These additional Soc molecules might stabilize
the capsid against osmotic shock.

Hoc and Soc can be fused with different foreign proteins and then assembled on the surface of
T4-Hoc™Soc™ mutant phage that lacks both Hoc and Soc.8:28-30 This has potential for the
development of new vaccines.31 For example, large 90 kDa size anthrax toxin proteins attached
to the N-terminus of Soc have been displayed on bacteriophage T4 capsid,7:9 which elicited
strong lethal toxin neutralization titers in mice and rabbits®! (Rao, V. unpublished results).

Here we present the crystal structure of Soc protein from bacteriophage RB69, a close relative
of T4. As the RB69 Soc has 47% sequence identity to T4 Soc, a reasonably accurate homology
model could be built of T4 Soc. The crystal structure and the T4 Soc homology model agree
well with the Soc density observed in the cryo-EM reconstruction of the T4 capsid.19 Fitting
these atomic models into the cryo-EM reconstruction of the T4 capsid identified the region of
the Soc molecule that interacts with two major capsid protein gp23 molecules, thereby gluing
together adjacent capsomers. Further reinforcement of the T4 capsid is provided by trimeric
interactions of the Soc molecules at the quasi-3-fold axes. Assembly of such triple clamps
between hexameric capsomers forms a cage on the T4 capsid surface. Mutant Soc proteins
with mutations located in the putative interface with gp23 and in the putative regions
controlling the trimeric association between Soc subunits were found to reduce capsid
stabilization, confirming the proposed triple clamping reinforcement mechanism.

Results and discussion

Soc binding and stabilization

Binding of both T4 Soc and RB69 Soc to the T4 capsid reached a maximum at about 30:1 Soc
molecules per binding site (Fig. 3). Both T4 and RB69 Soc proteins saturated the T4 capsid

when the expected maximum of 870 copies per capsid had been reached. The binding affinities
of Kq =~75 nM is nearly the same for the T4 and RB69 Soc molecules. The Hoc™Soc™ phage
completely loses its viability at pH 10.6 (Table 2). On the other hand, as many as about 75%
of Hoc™Soc™ phage particles retain viability at this pH when saturated with RB69 or T4 Soc

(Table 2). Thus, binding of either the T4 Soc or the RB69 Soc to T4 capsid stabilized the capsid.
Furthermore, the stabilization properties of the T4 Soc are only slightly better than those of the
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RB69 Soc. The copy number of capsid-bound Soc remained essentially the same even when
the phage lost ~30% viability in the presence of alkaline pH (Table 2; Fig. 4) suggesting that
stabilization required more than simple binding of Soc to the capsid.

Structure of the Soc protein

The structure of RB69 Soc was determined to 1.9 A resolution. The amino acid polypeptide
chain of the RB69 Soc molecule could be traced, except for the one N- and the two C-terminal
residues. RB69 Soc was found to be an elongated molecule with dimensions of 48 x 28 x 22
Awith an overall tadpole-like shape (Fig. 2b). The head of the tadpole contains a three-stranded
B-sheet packed against two a-helices. The presence of helical regions in Soc was not expected
based on secondary structural predictions.8 The tail of the tadpole is formed by a p-hairpin
consisting of residues Thr 11 - Lys 21 and the extended C-terminus region Thr 72 — Val 78
(Fig. 2b). A structural homology search with the DALI algorithm32 indicated that the Soc
protein has no obvious similarity to any other previously determined structure.

The hexagonal and orthorhombic crystal structures of RB69 Soc (Materials and Methods) have
similar dimeric interactions between Soc molecules (Fig. 5). These dimeric interactions are
formed by residues 29 — 47 creating a 610 AZ area of contact.

Interface between Soc and the T4 capsid

Fitting the RB69 Soc structure into the cryo-EM reconstruction of the T4 capsid showed that
the tadpole-like heads of the Soc molecules point towards the quasi-two-fold axes relating
adjacent gp23 hexamers, whereas the tails of the Soc molecules are close to the quasi-three-
fold axes (Fig. 6). Most of the contacts between the Soc molecules and the T4 capsid are with
the tadpole-like head. The RB69 Soc molecule amino acid residues 29 - 49 (the T4 Soc
equivalent residues are 32 - 52) form the contact area. Each Soc molecule interacts with two
gp23 capsomers, with RB69 residues 29 - 40 contacting one capsomer and residues 44 - 49
interacting with the adjacent capsomer, thus gluing together the adjacent capsomers,
presumably leading to the stabilization of the T4 capsid. Residues 41 - 43 may be involved in
interactions with either of the adjacent gp23 capsomers. The ~600 A2 area of interaction of
one Soc molecule with a two-fold-related Soc molecule in each of the two crystal structures is
roughly the same surface as is used for binding one Soc molecule with gp23 molecules in the
T4 capsid. This might be a coincidence but might also indicate that this region is a sticky region
capable of easily binding another protein.

The Soc proteins of bacteriophages T4 and RB69 have only 47% sequence identity but the
regions interacting with the gp23 protein shell are well conserved (Fig. 2a). Furthermore, unlike
the Soc proteins, the major capsid proteins gp23 of T4 and RB69 have a high sequence identity
of 94%. Together, this explains the similar affinity of the T4 and RB69 Soc proteins to the T4
capsid.

The correctness of the fitting of the Soc structure into the cryo-EM density (Materials and
Methods) was confirmed by analyzing several RB69 Soc mutants with changes in the proposed
Soc-capsid interface (Table 2). Each mutant was first examined by circular dichroism to
determine that the mutations had no effect on folding (Supplementary Data Fig. S1). Mutations
in the clamp region (F29A, H36A/I38A, I138A, A41Y, and Y43A) resulted in a higher binding
constant, Kg, of Soc to the capsid (i.e. poorer binding) (Table 2). When these mutant Soc
molecules were complexed with the T4-Hoc™Soc™ capsid, they could not stabilize the capsid
against alkaline pH. The most severe effects were seen with the double mutant H36A/I38A
and the single mutant Y43A. These mutants had lost up to 99.7% of phage viability at pH 10.6.
Loss of stabilization was due to the dissociation of the weakly bound mutant Soc molecules
(Table 2; Fig. 4) and, therefore, loss of reinforcement provided by the Soc clamp. However no
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strict correlation was observed between Ky or Byax With phage titer suggesting that different
mutations differ in detail as to their impact on the stabilization mechanism.

The E49A/K50A double mutant has mutations on the face of Soc that faces a neighboring,

two-fold related Soc molecule on the capsid surface, although there is a 7A gap between them.
As the double mutation has little effect on the stability (Table 2) of the capsid this is consistent
with the correctness of the way in which the Soc structure was fitted into the cryoEM density.

The absence of a crystal structure of gp23 and its relatively low homology with gp24, created
some uncertainty concerning the precise structure of the T4-Hoc™Soc™ pseudo-atomic
structure. Nevertheless, given the current homology model of gp23, the regions of gp23 that
might be in the Soc binding site would be 267-273 and 463-470 on one hexamer and 257-261
and 493-497 on the adjacent hexamer.

interface between Soc molecules bound to the capsid

In RB69 the interfaces between Soc molecules within a trimer on the capsid are formed by the
loop containing residues 13 to 18 in the tail of the tadpole-like molecule (Fig. 6). The side chain
of Glu-16 points to the neighboring Soc molecule and might be involved in forming a hydrogen
bond. Mutating this residue to Arg (Table 2) resulted in 93% loss of phage viability at pH 10.6.
Mutating Lys-18 to Glu also resulted in an 82% loss of phage viability at alkaline pH, although
the side chain of Lys-18 probably does not interact with the neighboring Soc molecule. Whereas
the E16R and K18E affected the stability of the virus, these mutations did not change the affinity
of the Soc proteins to the capsid, nor did they cause significant loss of the bound Soc at alkaline
pH (Table 2; Fig. 4). Therefore, for the mutants in the Soc trimerization region, unlike for the
gp23-binding-site mutants described above, the loss of phage viability at high pH was not due
to the dissociation of Soc molecules, but due to the lack of capsid reinforcement at the Soc
trimerization sites. These results suggest that merely binding Soc molecules to the capsid is
insufficient for capsid stabilization at high pH.

The T4 Soc trimeric interface is formed by loop residues 16 - 21 (Fig. 6) in which the side
chain of Lys-16 is located close to the side chain of Asp-18 of the neighboring Soc molecule.
Thus, the trimeric interface between T4 Soc molecules might be strengthened by hydrogen
bonds or charge attraction. The amino acids that form the Soc trimerization interface, as
opposed to the amino acids in the Soc-gp23 interface are poorly conserved between T4 and
RB69 (Fig. 2a). Thus the Soc trimerization interactions would be perturbed in heterotrimers
formed by RB69 and T4 Soc molecules, thereby reducing the virus stability. The importance
of the Soc trimeric interactions for capsid stability could, therefore, be analyzed by binding a
mixture of T4 and RB49 Soc to the same capsid. The results showed that these hetero phage
particles lost 70% of their viability at alkaline pH, although greater than 90% of Soc molecules
were still bound to the capsid (Table 2). Thus the trimeric interactions are important for capsid
stabilization, but not for binding Soc to the capsid, when under stress such as alkaline pH.

The N- and C-termini of Soc

The 15 or so C terminal residues are more variable in their amino acid composition than the
other residues in Soc. These residues (Figs. 2 and 6a) form in part the exterior surface of the
virus which probably permits greater variability. The deletion of a few N- or C-terminal
residues of T4 Soc did not affect the binding affinity or the stabilization properties of the protein
(Table 2). This is not surprising as these residues are disordered in the RB69 crystal structure
and, therefore, are probably flexible when bound to the virus. However, deletion of the 10 N-
terminal residues of T4 Soc resulted in improper folding and loss of binding to the T4-
Hoc™Soc™ capsid (Table 2). The RB69 Soc crystal structure shows that such a deletion would
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partially destroy the 3-sheet located in the tadpole-like head of Soc and, therefore, probably
alter the conformation of the Soc binding region.

Mechanisms of T4 capsid stabilization

Evolution

Bacteriophage T4 uses two mechanisms for capsid stabilization. The first mechanism
reinforces the structure of the individual hexameric gp23 and pentameric gp24 capsomers. This
is accomplished by the presence of an insertion domain, ‘I’, in gp23 and gp24 which interacts
with neighboring subunits within the same capsomer.13 The second mechanism involves the
Soc protein and is responsible for the reinforcement of the interactions between capsomers.
Each Soc molecule binds to two adjacent gp23 molecules, thereby gluing two capsomers
together. Trimerization of the Soc molecules results in the formation of a triple clamp (Fig. 7).
Assembly of 270 such triple clamps between capsomers leads to the construction of a cage
around the T4 capsid, further reinforcing the capsid structure. As Soc is a monomer in solution,
11 Soc binding to capsid appears to be a necessary step for trimerization and cage construction.
Here we show that both the glue between adjacent gp23 capsomers and the trimerization of
Soc molecules (Fig. 7) are important for the T4 capsid stability at alkaline pH. Destabilization
of either interaction by mutation resulted in loss of capsid stabilization and loss of phage
infectivity after exposure to alkaline pH.

Other bacteriophages that use special mechanisms for capsid stabilization are HK97 and A. In
bacteriophage HK97 inter-capsomer interactions are stabilized by chainmail chemical
crosslinking and in bacteriophage X interactions between capsomers are stabilized by the gpD
protein. The location of gpD trimers on the bacteriophage A capsid surface is close to the
location of the chemical cross-links in HK97 capsid. Therefore it was hypothesized33 that gpD
in phage A plays a role analogous to the covalent cross-links in HK97 and that, in the process
of evolution, the need for the decorative protein gpD was replaced by the chainmail covalent
cross-linking (or vice versa). More probably the two different stabilizing procedures evolved
independently from a more general, less stable virus. Bacteriophage T4 particles are stable in
normal conditions without Soc, while bacteriophage A mutants lacking gpD can stably
accommodate only ~80% of the genome. In an ancestral T4 bacteriophage, Soc might have
played a similar role in stabilizing the capsid as gpD does in present day bacteriophage A.
However, during the evolution of T4 its capsid might have developed the ability to survive at
normal conditions without Soc. Probably the T4 major capsid protein interacts more effectively
than the major capsid protein in bacteriophage A with neighboring capsomers, allowing the T4
capsid to sustain the high DNA pressure inside the capsid without further stabilization by
decorative proteins. Nevertheless, bacteriophage T4 has retained the dispensable Soc protein
in its genome because Soc helps the virus to survive in extreme conditions.

Materials and Methods

Plasmids construction

The wild-type (WT) T4 Soc (T4Soc-wt), N-terminal 4, 10, and 20 amino acid deletion mutants
(T4Soc-N4A, T4ASoc-N10A, and Soc-N20A), and C-terminal 3, 10, and 20 amino acid deletion
mutants (Soc-C3A, Soc-C10A, and Soc-C20A) were constructed by amplifying the respective
DNA fragments using specific primers (Supplementary Data Table S1) and phage T4 DNA as
template.

The WT RB69 Soc and the RB69 Soc mutants with mutations located in the putative Soc

trimerization region, E16R and K18E, were constructed by amplifying the Soc coding sequence
using WT or mutant primers and phage RB49 DNA as template (kindly provided by Dr. James
Karam, Tulane University) (Supplementary Data Table S1). All other mutants (F29A, H36A,
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I38A, A41Y, Y43A, H36A/I38A and E49A/K50A) were constructed by the splicing-by-
overlap extension (SOE) strategy described previously3* (Supplementary Data Table S1). The
end primers contained sites for restriction enzymes Ndel and BamHI required for directional
cloning into the phage T7 expression vector, pET28b.

The amplified DNAs were purified by agarose gel electrophoresis, digested with Ndel and
BamHlI, and ligated with the gel-purified pET-28b DNA digested with the same restriction
enzymes. Insertion of Soc DNA results in in-frame fusion with an about 25 amino acid vector
sequence containing a hexa-histidine sequence at the N-terminus that is followed by a thrombin
cleavage site. The ligated DNA was transformed into E. coli XL10 Gold (Stratagene, La Jolla,
CA), mini-prep plasmid DNAs were prepared by alkaline lysis, and the sequence of each clone
was confirmed by DNA sequencing of the entire insert (Davis Sequencing, Inc. CA). The clones
were then transformed into E. coli codon-plus BL21 (DE3) RIPL (Stratagene), which allowed
over-expression of Soc proteins with a hexa-histidine tag at the N-terminus.

Purification of WT and mutant Soc proteins

The BL21 (DE3) RIPL cells harboring Soc clones were induced with 1 mM IPTG for 3 h at
30°C. The cells were harvested by centrifugation (4,000 x g for 15 min at 4°C) and resuspended
in 50 ml of HisTrap binding buffer (50 mM Tris-HCI, pH 8.0, 20 mM imidazole, and 300 mM
NaCl). The cells were lysed using French-press (Aminco, USA) and the soluble fraction
containing the His-tagged fusion protein was separated from the inclusion bodies by
centrifugation at 34,000 x g for 20 min. Constructs which expressed Soc in soluble form (all
RB69 Soc constructs) were purified from the supernatant and the ones that expressed Soc in
the insoluble fraction (T4 WT Soc, N4ASoc, and C3ASoc) were purified from the inclusion
bodies.

To purify Soc from inclusion bodies, the pellet was dissolved in 50 ml of urea buffer (8 M
Urea, 50 mM Tris-HCI, pH 8, 20 mM imidazole and 300 mM NacCl) and the sample was
centrifuged (34,000 x g) to remove cell debris. The supernatant was loaded onto a HisTrap
column pre-equilibrated with the same buffer. The protein was renatured by washing the
column with a decreasing urea gradient (8 - 0 M) in binding buffer. The protein was then eluted
with 20 - 500 mM linear imidazole gradient in the same buffer. The soluble Soc was purified
from the cell-free extract using the same procedure except the loading and wash buffers
contained no urea.

The peak fractions containing Soc were pooled and desalted by passing through the Hiprep
10/26 column and concentrated by Amicon Ultra-4 centrifugal filtration (5 kDa cut-off). The
protein was then purified by size exclusion chromatography using Hi-Load 16/60
Superdex-200 (prep-grade) gel filtration column (GE Healthcare) in a buffer containing 20
mM Tris-HCI, pH 8 and 100 mM NacCl.

To cleave off the His-tag, the purified protein was incubated with thrombin (EMD Biosciences)
(20 units of thrombin per 20 mg of Soc protein) in the cleavage buffer (20 mM Tris-HCI, pH
8.0, 150 mM NacCl, 20 mM imidazole, and 2.5 mM CacCly) at 8°C for overnight. The cleaved
protein was then separated from the His-tag, thrombin, and any uncleaved protein, by His-trap
affinity chromatography. The protein recovered in the flow-through fraction was again purified
by gel filtration on Superdex-200 column. T4 Soc precipitated at room temperature, even at a
concentration of less than about 1 mg/ml. Therefore the protein was kept at a temperature below
8°C although, even at this low temperature, the precipitation was not completely avoided. Thus,
T4 Soc samples were flash-frozen in liquid nitrogen for storage. RB69 Soc protein was easier
to work with and to crystallize. This protein did not show visible precipitate at 4°C even after
a month.
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Circular dichroism (CD) spectra of the mutants were compared to the spectrum of the native
RB9 Soc protein in order to confirm the proper fold of the RB69 Soc mutants (Supplementary
Data Fig. S1). The CD experiments were performed on a Jasco-810 Spectropolarimeter. The
spectra in the interval 190 — 260 nm were collected at 4°C with cell path of 0.2 mm.
Concentration of the native RB69 sample was determined by its UV absorbance at 280 nm,
the spectra of the mutant proteins were scaled to the spectrum of the native RB69 protein.

Crystallization and data collection

Crystallization trials for the RB69 Soc sample with the cleaved His-tag were performed at room
temperature and at 4°C. The best crystals were obtained at 4°C, using the hanging drop vapor
diffusion method. Drops containing 2 ul of the protein at ~10 mg/ml were mixed with 2 pl of
reservoir solution containing 30% PEG 8000, 0.1 M imidazole pH 8.0, 0.2 M NaCl. The drops
were equilibrated against 1 ml of the reservoir solution. These conditions produced two
different kinds of crystals in the same drop. Their space groups were P6; with the unit cell
parameters a = b = 49.12 A, ¢ = 198.66 A and C222; with the unit cell parameters a = 39.22
A, b=88.62 A, c=81.95A. The hexagonal crystals had four molecules in the asymmetric unit
whereas the orthorhombic crystals had two molecules in the asymmetric unit. All X-ray datasets
were collected at 100 K from crystals flash-frozen in a nitrogen stream. No cryo-protection of
the crystals was necessary due to the high concentration of PEG in the mother liquor.

Diffraction datasets from crystals of both P61 and C2221 space groups were collected using a
Rigaku R-AXIS-IV** home diffraction equipment (Table 3). Crystals belonging to the
hexagonal space group were soaked for 15 hours in a solution containing 3 mM uranyl acetate,
30% PEG 8000, 0.1 M imidazole pH 8.0, 0.2 M NaCl. A uranium derivative dataset was
collected at the home source. Later, a higher resolution dataset was collected of a native
hexagonal crystal at the BioCARS beamline 14C of the Advanced Photon Source in Argonne
National Laboratory, Argonne, IL (Table 3). Some low resolution reflections in this dataset
were overloaded. Measurements of these reflections were obtained from the native dataset
collected at the home source by scaling this dataset to the higher resolution dataset collected
at the Advanced Photon Source.

The data sets were processed with the program HKL2000.3% The program TRUNCATE36:37
was used to calculate intensity statistics and structure factors.

Structure determination

The structure of the hexagonal crystals was solved with the Single Isomorphous Replacement
with Anomalous Scattering (SIRAS) method using the native and uranium derivative datasets.
The uranium positions and phases were determined with the program SOLVE38 using data to
2.3 A resolution. Two heavy atom sites with low occupancies (0.2) were found in the
asymmetric unit. Uranium atoms were bound to the Glu-24 side chains of two of the four RB69
Soc molecules in the asymmetric unit. The initial phases were improved by the solvent
flattening and histogram matching techniques using the program RESOLVE.39 The resultant
map was good enough to distinguish the molecular boundaries and to trace the polypeptide
chains of the four molecules independently. The preliminary trace of Ca atoms was used to
determine the non-crystallographic symmetry operators. The phases were subsequently
improved and extended to 1.9 A resolution by non-crystallographic symmetry averaging using
the program RESOLVE.39 An automatic model building and refinement procedure using the
RESOLVE and REFMAC40 programs was used to build a large part of the atomic model.
Missing parts of the structure were build manually with the program MIFit41 and COOT.42
The model was subjected to several rounds of crystallographic refinement using the programs
CNS#3 and PHENIX_REFINE#4:45 with manual rebuilding. The crystal structure of the
orthorhombic crystals was determined by molecular replacement using the program MolRep,
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46 and the structure was refined using PHENIX_REFINE.#445 The quality of the refined
structures (Table 4) was examined with the program PROCHECK* and POLYGON.*8 The
final atomic model of RB69 Soc contained residues 2 to 77. One N-terminal and two C-terminal
residues of the protein were not visible in the electron density maps most probably due to their
flexibility.

A homology model of the T4 Soc molecule (residues 6 - 79, out of total 80 T4 Soc residues)
was built using the program MODELLER.#° The coordinates of RB69 Soc hexagonal and
orthorhombic crystal forms have been deposited with the Protein Data Bank.

Fitting into the cryo-EM density

The Ca backbone of the RB69 X-ray structure and the T4 homology model of Soc were fitted
into the five- and two-fold symmetry averaged cryo-EM density of the bacteriophage T4
capsid1® (Electron Microscopy Data Bank accession number EMD-1414) using the program
COLORES®? and EMFIT.?L Initially the Soc molecules were fitted into the map region closest
to the five-fold axis because this region of the reconstruction had the best quality. As these
molecules are located close to the capsid vertex they are not involved in trimeric interactions
with other Soc molecules. The positions of the centers of the Soc molecules obtained from
COLORES were used in the fitting procedure performed using the program EMFIT. The best
fit obtained using the EMFIT program agreed, within 1 A and 5°, of the best fit obtained with
the COLORES program. This fit resulted in residues 29 - 49 of RB69 or the T4 Soc equivalent
residues 32 - 52, representing part of the head of the tadpole-like structure of Soc, making
contact with two neighboring gp23 hexamers that form the capsid shell.

Subsequently, Soc molecules were fitted into the region of the map containing Soc molecules
involved in trimeric interactions adjacent to the previously fitted Soc molecules around the
capsid vertex. Three Soc molecules were fitted individually using the program COLORES.
50 The best fit for two of the three molecules was consistent with the initially fitted Soc
molecules in that residues 29 - 49 of RB69 Soc or the equivalent residues 32 - 52 of T4 Soc
making contact with gp23 hexamers. However, the best fit obtained for the third molecule was
different, probably due to lower quality of the map in this region. As symmetry of the T4 capsid
shows that the three Soc molecules must be related by a three-fold axis, the final fit was
accomplished by assuming an exact three-fold axis between the molecules while attempting
to obtain the best fit to the density (Supplementary Data Table S2).

In vitro assembly of Soc molecules onto the T4 capsid

The purified RB69 Soc remains soluble at room temperature. In contrast, T4 Soc forms a
precipitate at room temperature becoming soluble at 8°C. Therefore, all the RB69 and T4
binding experiments were conducted at 8°C.

About 2x101° T4 Hoc Soc™ phage particles?® were mixed with Soc protein in a ratio varying
from 1:1 to 50:1 per Soc binding site on the capsid. These experiments were performed in
Protein LoBind tubes (Eppendorf, USA) using the assembly buffer of 50 mM sodium phosphate
pH 7.0, 75 mM NaCl, and 1 mM MgSOg4. After incubation for 40 min at 8°C, the phage particles
were sedimented by centrifugation at 16,000 x g for 40 min. The phage pellet was washed
twice with excess assembly buffer and the final pellet was resuspended in 10 pl of assembly
buffer and then analyzed by SDS-PAGE. The gels were stained with Coomassie Blue R250
(Bio-Rad) and the protein bands were quantified by laser densitometry (PDSI, GE Healthcare).
The density of the Soc, gp23* and gp18 bands were determined for each lane separately and
the number of Soc molecules per capsid was calculated using the known copy numbers of
gp23* or gp18. A curve relating the number of bound Soc molecules per capsid (Y) and the
concentration of unbound protein in the binding reaction (X) (Fig. 3) was not sigmoidal,
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indicating that there is no cooperativity between neighboring Soc binding sites for either T4

Soc or RB69 Soc to the T4 capsid. The apparent Kg (association constant) and Bp,ax (maximum
copies of Soc bound per capsid) were determined using the equation Y = Bpyax* X/(Kg+X) as
programmed in the GraphPad PRISM-4 software (GraphPad Software, San Diego California
USA, www.graphpad.com).

Stability of phage T4 in alkaline pH

About 108 Hoc™Soc™ phage particles were incubated with saturating amounts of Soc protein
(~1 png; Soc protein : Soc binding sites = ~400:1) in phage dilution buffer for 45 min at 8°C to
allow binding of Soc to the phage capsid. The total volume of the binding reaction was 10 pl.
The samples were then treated with 90 pl of 0.2 M-glycine/NaOH buffer, pH 10.4 or 10.6. As
a control, the phage was treated with pH 7.0 assembly buffer. Additional controls in each
experiment included WT T4 phage (positive control) and Hoc™Soc™ T4 phage (negative
control) treated under the same conditions. The samples were then incubated at 37°C for 1 h
and neutralized to pH 7.0 by adding 900 pl of phage dilution buffer (26 mM Nay,HPOy4, 22 mM
KH,PO4, 70 mM NaCl, and 1 mM MgSOy, pH 7.0). Small aliquots of these suspensions were
used for determining the plaque forming titers of survived phage.

For determining the copy number of Soc remained on the phage following pH treatment, about
6x1010 Hoc~Soc™ phages were incubated with Soc at 50:1 ratio for 40 min. After centrifugation
and washing with excess phage dilution buffer, the pellet was resuspended in 24 pL of the same
buffer and was divided equally into three tubes. Each tube was treated with 92 pl of a different
buffer : phage dilution buffer (control); 0.2 M-glycine/NaOH buffer, pH 10.6 (final pH was
10.4); and 0.2 M-glycine/NaOH buffer, pH 10.8 (final pH was 10.6). As above, each
experiment contained additional controls; WT T4 phage (positive control) and Hoc"Soc™ T4
phage (negative control) treated with the same buffers. After incubation at 37°C for 1 h, phages
were sedimented by high speed centrifugation (16,000 x g for 40 min) and subjected to SDS-
PAGE (Fig. 4). The copy number of the Soc protein that remained bound to the capsid after
each treatment was determined as described above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Structure of the bacteriophage T4 head (Teng =13 laevo, Thig = 20). (a) Shaded surface
representation of the cryo-EM reconstruction viewed perpendicular to the five-fold axis. gp23
is shown in blue, gp24 is in magenta, Soc is in white, Hoc is in yellow, and the tail is in
green0, (b) Close up view of two gp23 capsomers corresponding to the rectangle outlined in
black in A. One Soc monomer is outlined by a blue ellipse; one Soc trimer is outlined by a red
circle.
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Fig. 2.

Sequence alignment and structure of Soc. (a) Alignment of Soc sequences from T4-like
bacteriophages. Completely conserved residues are colored red, nearly completely conserved
residues are colored green and partially conserved residues are colored blue. B-strands and a-
helices are marked with an s and h, respectively. Arrow heads indicate residues that have been
mutationally characterized. (b) Stereo figure showing the structure of RB69 Soc molecule as
a ribbon diagram. The polypeptide is colored with rainbow colors starting with blue at the
amino end.
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Fig. 3.

Binding of T4 and RB49 Soc proteins to Hoc™Soc™ T4 capsids. Binding of Soc proteins to
Hoc™Soc™ phage and quantitative analyses were performed as described in Materials and
Methods. Panels (a) and (c) lane M, molecular mass standards; C, control Hoc™Soc™ phage;
lanes 1, 3, 5, 7, 9, and 11 show capsid-bound Soc; lanes 2, 4, 6, 8, 10, and 12 show unbound
Soc. The positions of gp18 (tail sheath protein), gp23* (major capsid protein), and Soc are
labeled. The saturation binding curves (panels (b) and (d)) were constructed and the apparent
Kq (association constant) and Byhax (maximum copy number per phage particle) were
determined using the GraphPad PRISM-4 software.
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Fig. 4.

Examples of SDS gels showing the effect of alkaline treatment on the copy number of capsid-
bound Soc (Table 2). To determine the copy number of capsid-bound Soc after treatment with
alkaline pH (10.4 or 10.6), the purified Soc proteins were bound to T4 Hoc™Soc™ phage and
processed as described in Materials and Methods. The arrow shows the position of the Soc
protein band. RB69Soc-wt is the positive control. RB69Soc-E49A/K50A has a mutation that
does not affect capsid binding or stabilization. RB69Soc-F29A has a mutation in the capsid
binding surface and binds only weakly to the capsid. Note the loss of capsid-bound Soc after
alkaline pH treatment; the RB69Soc-E16R mutation weakens the trimeric interactions between
Soc molecules. Note that the copy number of capsid-bound Soc molecules does not change
after alkaline pH treatment. In lanes 1, 4, 7, and 10 the phage is at pH 7. In lanes 2, 5, 8, and
11 the phage was exposed to pH 10.4. In lanes 3, 6, 9 and 12, the phage was exposed to pH
10.6.
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Fig. 5.

Interface of Soc molecules in the crystal corresponds to the interface between Soc and gp23
in the virus. (a) Stereo diagram showing the Ca backbone trace of two Soc molecules related
by two-fold non-crystallographic symmetry. Regions of the Soc molecule that were found to
interact with the gp23 capsid shell on the virus are in red. Hairpins involved in the trimerization
of the Soc molecules on the capsid surface are in blue. (b) Close view of residues 29-47 involved
in interactions with the capsid showing all non-hydrogen atoms. Carbon atoms are green,
oxygen atoms are red and nitrogen atoms are blue. Some other parts of the structure are shown
as a Ca backbone trace.
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Fig. 6.

The Soc trimer. (a) Stereo diagrams of RB69 Soc fitted into the cryo-EM reconstruction of the
T4 capsid, viewed down a quasi-three-fold axis. The three RB69 monomers are shown as a
Ca backbone colored with the trimerization loop in blue, the gp23 binding region in red and
the rest of the structure in green. (b) Stick drawing of the trimerization loop for RB69 with the
three different molecules colored red, blue and green. (c) The same as B, but based on the T4
homology model showing the side chains for Lys16 and Asp18. The main chain is shown only
as Ca atoms.
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and the portal assembly in green. (b) View of one gp23 hexamer (blue) surrounded by six Soc

The stabilizing Soc cage. (a) The T4 head showing the Soc molecules in red, gp24 in magenta
trimers (red). Also shown are neighboring gp23 hexamers in green, black and magenta.

Fig. 7.
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Table 1
Examples of trimeric capsid stabilization proteins.

Virus Protein name MW (kDa) Copy number References
bacteriophage A gpD 11 405 - 420 5
bacteriophage L gpDec 14 180 17,18

bacteriophage
029 gp8.5 29 90 19,20
adenovirus pIX 14 240 21,22
vpl9 - .
human herpes (Vp23) 50 (vpl9); 320 (vpl9) 23
virus 2 34 (vp23) 640 (vp23)
complex
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Table 3
Crystal parameters and diffraction data statistics.
RB69 Soc native
RB69 Soc ti?(gg 05;10(,; RB69 Soc native hexagonal form
Crystal native form uglj’anium orthorhombic Collected at
hexagonal form de}ivative form Advanced Photon
Source
Space group and P6, P6, C222, P6,
unit cell parameters, a=h=49.09 a=h=48.85 a=39.22 b=88.62 a=h=49.128
A c=198.187 €=198.21 c=81.95 c=198.674
Wavelength, A 1.5418 1.072
Detector Rigaku Raxis IV** MAR CCD 165
Resolution, A 2.30 2.30 2.26 1.9
No. of unique
reflections 11989 11827 7033 21202
Redundancy, ratio 7.7 7.4 5.4 7.4
Completeness, % 99.3 99.1 99.5 99.2
Reym, % 8.0 7.5 5.8 5.2
Mosaicity (°) 0.72 0.44 0.53 0.37
1/o(1) 355 40.3 212 33.2
% of reflections
with lo(l) < 2 9.4 7.9 8.0 2.5
Last resolution shell 2.38-2.30 2.38-2.30 2.33-2.26 1.97-1.90
Rsym. last shell % 44.2 36.3 28.3 20.0
1/5(1), outermost
shell 6.4 8.1 5.0 13.1
% of reflections
with I/o(1) < 2, 23.2 18.5 18.7 8.1

outermost shell
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Table 4

Crystallographic refinement statistics for RB69 Soc.

Crystal form

Parameters
hexagonal orthorhombic
Number of protein non-hydrogen atom 2349 1298
Number of solvent atoms 321 130
R-factor (working set) 0.181 0.217
Riree (test set, 5% of the data) 0.229 0.263
Last resolution shell 1.99-1.90 2.83-2.26
R-factor in the last resolution shell 0.207 0.256
R-f Reree in the last resolution shell 0.279 0.351
AverageB-factor, (A2) 31.09 39.63
bond lengths (A) 0.005 0.002
bond angles (°) 0.764 0.421
dihedral angles (°) 15.091 11.3
RMSD planarity (%) 0.004 0.003
chirality (°) 0.056 0.03
Pt bond
most favored regions 91.8 89.8
resili)jeurecse ?rgagi?‘fgent additional allowed 8.2 10.2
regions of regions
et [ ey : :
disallowed regions 0 0
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