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Abstract

Virus capsid assembly requires recruiting and organizing multiple copies of protein subunits to
form a closed shell for genome packaging that leads to infectivity. Many viruses encode
scaffolding proteins to shift the equilibrium towards particle formation by promoting inter-subunit
interactions and stabilizing assembly intermediates. Bacteriophage HK97 lacks an explicit
scaffolding protein, but the capsid protein (gp5) contains a scaffold-like N-terminal segment
termed the delta domain. When gp5 is expressed in E. coli, the delta domain guides 420 copies of
the subunit into a procapsid with T=7 laevo icosahedral symmetry named Prohead-I. Prohead-I
can be disassembled and reassembled under mild conditions and it cannot mature further. When
the virally encoded protease (gp4) is co-expressed with gp5, it is incorporated into the capsid and
digests the delta domain followed by auto-proteolysis to produce the meta-stable Prohead-II.
Prohead-1*P was isolated by co-expressing gp5 and an inactive mutant of gp4. Prohead-1 and
Prohead-1*" were compared by biochemical methods, revealing that the inactive protease
stabilized the capsid against disassembly by chemical or physical stress. The crystal structure of
Prohead-1*P was determined at 5.2A resolution and distortions were observed in the subunit
tertiary structures similar to those observed previously in Prohead-11. Prohead-I*P differed from
Prohead-11 due to the presence of the delta domain and the resulting repositioning the N-arms,
explaining why Prohead-I can be reversibly dissociated and cannot mature. Low-resolution X-ray
data enhanced the density of the relatively dynamic delta domains, revealing their quaternary
arrangement and suggesting how they drive proper assembly.
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Introduction

Virus capsid maturation is the process by which a non-infectious, initial assembly product
gains stability and infectivity through a series of particle transformations, often involving
chemical and physical reorganization of the initial constituents. The process is required in
most complex viruses because initial assembly generally involves weak, moderately
reversible, interactions (~2-4kgT) to allow self-correcting and annealing of the assembling
subunits!: 2. Subsequently these weak interactions must be transformed into robust
associations to protect the packaged viral genome and deliver it to the host cell.
Bacteriophage HK97 is among the most accessible systems for such studies, since
maturation can be performed in vitro with virus-like-particles (\VLPs) prepared by
expressing the appropriate genes in E. coli3. HK97 is a double stranded DNA bacteriophage
that employs a sophisticated and efficient assembly and maturation pathway. The N-terminal
delta domain (residues 2—103) of the gp5 major capsid protein is responsible for facilitating
and guiding proper formation of the first assembly product called Prohead-I (Figure 1A).
The delta domain maintains solubility of the assembly intermediates by preventing the
capsid subunits from inappropriately aggregating and prevents premature capsid expansion®.
The Prohead-I particle can be disassembled readily to capsomers (hexamers and pentamers)
and these properly reassemble in vitro under mild conditions®. Maturation of Prohead-I can
only occur following removal of the delta domains.

During assembly approximately 60 copies of the HK97-encoded serine protease (gp4) are
incorporated into the Prohead-1 particle6. The encapsidated proteases are believed to be
activated through dimerization, a process known to activate the herpesvirus protease7, that
then proteolyze the delta domains at multiple sites. The digested polypeptide fragments of
the delta domains and the auto-proteolyzed gp4 apparently exit through ~10A pores between
capsomer junctions as the capsid matures to Prohead-11. Prohead-11, formed by gp5*
subunits (containing residues 104-385) (Figure 1B), is meta-stable and primed to mature
through the intermediates shown in figure 1A to the fully expanded and cross-linked mature
capsid, Head-118: 9 10 Although the protease is not required for Prohead-1 formation, it is
essential for producing Prohead-11°. Prohead-11 can be matured in vitro using a variety of
chemical and physical perturbations® 11, During maturation the capsid subunits undergo
multiple tertiary and quaternary conformational changes and the capsid diameter expands
from 560 to 660A. These conformational changes allow lysine 169 and asparagine 365 of
neighboring capsomer subunits to form an auto-catalytic isopeptide linkage. The mature
particle is fully cross-linked by these residues into a unitary chain-mail structure that can
withstand the high internal pressure of the packaged DNA chromosome?2.

The HK97 Prohead-11, expansion intermediates, and the Head-I1 maturation product have
been characterized®: 13: 14, However, there is limited structural knowledge of Prohead-I.
Prohead-I is interesting as it is the starting point for the maturational processing. Here we
report the 5.2A and 10A X-ray crystal structures of Prohead-1*, the recombinant particle
assembled with a mutant, inactive protease that is closely similar to authentic Prohead-I, just
prior to proteolysis. The structure revealed that there is subunit tertiary structure distortion
correlated with the strength of quaternary interactions at three different classes of trimer
contacts. The 10A structure illuminates the role of the delta domain in capsid assembly,
stabilization, and inhibition of maturation. Biophysical studies of Prohead-I with and
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without an inactive protease demonstrate that stabilization of the capsid is conferred by the
packaged protease suggesting that its presence provides significant free energy favoring
assembly.

HK97 is believed to share common ancestry with the herpes virus family based on
similarities in subunit structure and maturation pathway®: 16: 17 A homology model of the
viral protease, demonstrating structural similarity to the protease in herpes virus was
previously established!8. Close similarity between the two proteases suggests that both
viruses utilize similar mechanisms to remove accessory proteins for regulating assembly.
The homology model allows us to have a preliminary understanding of the biochemical and
structural features of the HK97 protease.

Prohead-1*P is composed of full length capsid protein (gp5) and viral protease (gp4)

The authentic Prohead-1 particle is a transient species that has a short life time in virus
maturation and cannot be isolated in a pure form from the expression system. To determine
the structure of the Prohead-1-protease complex, an inactive protease construct was made by
mutating histidine 65 at the active site of the serine protease to an alanine. When this mutant
protease was co-expressed with gp5, Prohead-I like particles referred to as Prohead-1" were
purified. These particles show no gp5 cleavage and contain the mutant gp4 protease (Figure
2B). Based on the gel densitometry, there were 60-120 copies of packaged protease, in good
agreement with previously reported estimates®. Empty Prohead-1 particles are made by
expressing only gp5. The subunits spontaneously assemble into particles with a size and
shape indistinguishable from Prohead-1F, which was confirmed by essentially identical
small angle x-ray scattering (SAXS) curves (Figure 2C).

A HK97 gp4 protease homology model was made using a computational algorithm
described in Materials and Methods. The core of the protease appears similar to HSV-1
protease, also a serine protease. The active site residues (serine, histidine, and glutamate) are
highlighted in figure 2A.

Disassembly of Prohead-l and Prohead-1*P

We compared Prohead-1 and Prohead-1*F employing a previously established protocol that
disassembles Prohead-I into capsomers.® The disassembly process was monitored by light
scattering, using light at 400 nm which is scattered strongly by assembled particles and
weakly by dissociated capsomers (Figure 3A). Prohead-I disassembled more rapidly than
Prohead-1*P. Moreover, the final state of disassembled Prohead-1 was more homogeneous
than Prohead-17P after 12 hours incubation in the disassembly buffer (Figure 3B). Electron
micrographs of negatively stained particles were recorded with the early elution fraction of
Prohead-1*P from size exclusion chromatography showing that it was not completely
disassembled.

Prohead-1*" and Prohead-1 were further compared for their thermo-stability by Differential
Scanning Calorimetry (DSC). Figure 3C shows that Prohead-I undergoes a major thermally-
induced transition at 79.3°C £ 0.5°C that corresponds to particle disassembly and protein
denaturation, whereas Prohead-1*" undergoes a comparable transition at 82.3°C + 0.5°C
(Figure 3C). Our results for Prohead-1 agree well with previous DSC measurements®®.

These data show that the protease stabilizes Prohead-1*P against both chemical and thermal
stress, an observation consistent with its interactions with the interior surface of the capsid.
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Crystallization of Prohead-l and Prohead-I*P

Crystallization studies of Prohead-1P and Prohead-1 were initiated to establish a structural
basis for their properties. Isomorphous crystals diffracting to 7.5 A resolution were obtained
for both constructs, confirming that the two particle types have identical dimensions to that
resolution. To obtain crystals that diffracted to higher resolution, a screen specific for virus
crystallization was developed (see Materials and Methods) that covered a broad range of pH
and salt conditions previously used in successful viral capsid crystallization studies2C.
Prohead-I was unstable and readily disassociated in crystallization buffers containing high
salt or pH values above 9 as confirmed by a native agarose gel. Prohead-1*P was more stable
than Prohead-1 under all crystallization conditions and during cryo-stabilization. The best
crystals were obtained with Prohead-1*P and they diffracted to 5.2A resolution. These
crystals were isomorphous with those described above (Table 1).

The structure determination of Prohead-17" is described in Materials and Methods. Briefly,
the structure was determined by molecular replacement with Prohead-11 as the starting
model. Phase extension was initiated at 45A resolution, to eliminate model bias, and
extended to 5.2 A resolution in shells, corresponding to single steps in the reciprocal lattice,
by applying non crystallographic 5-fold symmetry and solvent leveling. The final phase-
refined electron density map at 5.2 A resolution clearly revealed the gross tertiary structure
of the capsid protein and quaternary interactions. A polyalanine model, based on this density
and informed by known previous crystal structures of the subunit, was constructed. While
there was clear similarity to the Prohead-I1 subunit tertiary structure, there were many
features, described below, that were different, confirming the unique structure and role of
Prohead-1*P in HK97.

Structural Features of Prohead-I*P

A signature feature of Prohead capsids, readily observable in moderate resolution cryoEM
image reconstructions?, is the pseudo 2-fold symmetry of the hexamers that relates two
asymmetric trimers, one composed of subunits A, F, and E and the other by subunits B, C,
and D (Figure 4A). The skewed hexamers become 6-fold symmetric in the first expansion
intermediate®. Virtually exact 6-fold symmetry is maintained in all subsequent particles 13
including the end point Head-1119. The pentamers, following the global icosahedral
symmetry, are symmetric throughout the maturation process.

The HK97 subunit has two principal domains, termed axial (A) and peripheral (P) (Figure
1C)10. The A domain is a compact o/p structure that interacts with neighboring subunits in
the same capsomer, around the corresponding 5-fold or quasi-6-fold symmetry axis at the
center of each capsomer. The P domain mediates inter-capsomer contacts at the icosahedral
and quasi 3-fold axes where the capsomers join together. The P-domain consists of the spine
helix (residue 200-239) as its core, with the P (peripheral)-loop and E (extended)-loop lying
at opposite ends of the P domain, on the perimeter of the capsomer. It is the P-loop and
immediately surrounding residues that make the initial 3-fold contacts that are found in
Prohead-1*P and Prohead-11 and are discussed in more detail below. In the Head-11 model,
the N-arm begins at residue 104 (the first residue after the site of gp4 protease cleavage),
and forms an intra-capsomer beta structure with a neighboring subunit. The core structures
of the seven subunits in the icosahedral asymmetric unit of Head-11 are closely similar with
only small differences found in the E-loops and the N-arms. The subunit secondary and
tertiary structures show no unusual characteristics.

In contrast to the conformational uniformity among capsid proteins in Head-11, the Prohead-
I*P structure revealed that the subunits in the icosahedral asymmetric unit are significantly
different from each other. The spine helices are bent and unwound to varying degrees among
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the seven subunits. There is a striking correlation between the degree of helix bending and
the location of the subunit in the skewed hexamer. The B and E subunits, related by the
pseudo 2-fold symmetry, are furthest from this axis. The helix in the B subunit is bent the
most. Although the E and B subunits are virtually equivalent distances from the pseudo 2-
fold axis, the E subunit is only moderately bent and is comparable to the helices in the C and
F subunits. The A and D subunits are positioned closest to the pseudo 2-fold symmetry axis
and have spine helices that are bent the least. The C and F helices have intermediate bending
and these subunits are at intermediate distances from the pseudo 2-fold axis. The G subunits
associated with the pentamers have moderate helix bending (Figure 4B). The degree of helix
bending also correlates closely with a twist that occurs about beta strands in the P domain. It
is likely that the bent spine helices are accommodating this atypical beta structure.

Prohead-I1 subunits?L, with one exception, exhibit the same bending and unwinding
distortion of the spine helices observed in Prohead-1*P. The E and B subunits in Prohead-I1
have closely similar distortions, whereas in Prohead-1*P, as described above, these two
subunits have different degrees of distortion. The B subunit is very similar to its counterpart
in Prohead-I1, but the E subunit shows little distortion (Figure 4C). As described below, this
can be attributed to differences in the quasi 3-fold subunit interactions that occur in Prohead-
I*P and Prohead-1.

The N-arm and the delta domain

Residues 104-130, referred to as the N-arm, undergo large positional changes with
maturation and are covalently attached to the delta domain in Prohead-1* particles. Strong
density is observed for the Prohead-1*F N-arms leading to the interior surface of the capsid
and connecting with density attributed to the delta domains within the particle (Figure 5A).
Loss of the delta domain in Prohead-11 increased the mobility of the N-arm and density was
only visible beginning at residue 119 in this intermediate®L.

The interior delta domain density was weak and lacked continuity, presumably due to either
dynamic or spatial disorder. A data set including virtually all of the unique reflections
between 100 and 10A resolution was collected in an effort to overcome this problem and
define an average volume occupied by the delta domains. Phase extension was initiated with
data between 100 and 30A resolution and extended in shells of constant volume by applying
non crystallographic 5-fold symmetry and solvent leveling to a final resolution of 10A. This
map displayed defined electron density for the delta domains in both the hexamers and
pentamers (Figure 5B, 5C, 5D), however, the volume defined at the hexamers was
inadequate to accommodate six complete delta domains. Indeed, the shape of the delta
domain density in the hexamers is roughly tetrameric with an approximate 4-fold axis
coincident with the pseudo 2-fold axis (Figure 5D). The density connectivity strongly
suggests that the visible delta domains come from the A, B, D, and E subunits in the
hexamer. A convincing connection to the delta domain is also observable in the G subunits
of the pentamer (Figure 5C and 5E). In all of these subunits the connectivity to the delta
domains extends from the density assigned as the N-arm in the 5.2A map. In contrast,
density in subunits C and F, in the 10A map, terminates at the same point that they did in the
5.2A map, consistent with high mobility for the delta domains associated with these subunits
(Figure 5F).

The X-ray data were collected from Prohead-1*P crystals, however, density attributable to
the protease was not well defined or may not be resolved from the delta domains at this
resolution. The SAXS data did not resolve any differences in the two forms of Prohead-I,
which together with the crystal data suggest that the protease may form transient interactions
with the delta domains or be spatially disordered. Crystals of empty Prohead-1 were too poor
to allow a structure comparison between the two forms. A difference map between the two
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Prohead-1 forms computed with cryoEM reconstructions may be informative about
interactions between the delta domains and the protease molecules.

Broken 3-fold Interactions

Prohead-I particles, particularly in the absence of encapsidated protease, are readily
disassembled and efficiently reassembled under moderate conditions®. In contrast,
conditions have not been found where Prohead-I1 could be disassembled and reassembled-
such attempts invariably drive Prohead-11 down the maturation pathway shown in figure 1.
Significant changes in the 3-fold associations of capsomers in Prohead-1*P and Prohead-I1
suggest a structural origin for this difference in particle behavior. Interactions near the 3-fold
axes in Prohead-I1 are formed by strong associations of P-loops at three classes of 3-fold
interactions: Class 1: 20 icosahedral 3-fold contacts of hexamer-only junctions between D
subunits, Class 2: 60 quasi-3-fold contacts of hexamer-only junctions with subunits B, C,
and E, and Class 3: 60 quasi-3-fold contacts at junctions of two hexamers and one pentamer
with subunits A, F, and G (Figure 6A). These strong 3-fold interactions play a major role in
capsid stabilization and maturation, with structural and biochemical data demonstrating that
they remain virtually identical in Prohead-I1 to Head-1114: 21,

The 3-fold contacts of the Class 2 type are strikingly different in the crystal structures of
Prohead-1*P and Prohead-11 (Figure 6A). Subunits B, C, and E in Prohead-1"" show no
contact at all between P-loops (Figure 6A and C), while the densities at the 3-fold
interactions of Class 1 and 3 are consistent with P-loop contacts (Figure 6B). Poor P-loop
contacts at Class 2 3-folds in Prohead-1*P correlates with reduced distortion of the spine
helix in subunit E. As described above, the E subunit in Prohead-11 shows a greater bend in
the spine helix and additional twist in the beta sheets than it does in Prohead-I. This
additional distortion appears to be a direct result of the stronger P-loop interactions in
Prohead-11, where all 3-fold contacts display equivalent, closely packed density consistent
with strong P-loop interactions and with additional stability confirmed by DSC1°.

The P-loop density (or lack of it) observed in Prohead-1*P provides an explanation for the
reversible formation of the initial assembly product?2. Prohead-I fits the description of a
self-assembling system (i.e., weak reversible interactions that permit subunit annealing and
self-correction), but its stability is inadequate to ensure viability in the dilute and potentially
harsh environments where the mature virion survives. The 60 Class 2 interactions (BCE
subunits), where there is no electron density or P-loop contact, account for 43% of the 140
3-fold interactions in the particle. Without these P-loop interactions the capsid stability is
compromised and we suggest that this explains why this capsid can disassemble in vitro.
Furthermore, lack of these interactions, together with the delta domain-tethered N-arms,
blocks maturation due to a deficient number of critical pivot points for subunit
rearrangements21:14, Thus the P-loop interactions determine assembly, stability, and the
timing of the transition from Prohead-I*P to Prohead-11. The delta domains ultimately
regulate all of this since their removal results in strong, equivalent P-loop trimer intractions
in Prohead-I1.

Discussion

Origin of quaternary and tertiary structure distortions

Major signatures of the Prohead-1*P structure are the skewed hexamers and the distorted
tertiary structure of the capsid protein, neither of which are observed in Head-I1. Previous
studies have shown that both of these distortions are present in unassembled subunit
capsomers derived either from disassembly of Prohead-1 or mutations near the P-loops
resulting in capsomers that cannot assemble23. We posit that interactions of delta domains
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create these distortions. The assembly of Prohead-I is a reversible process in which particle
formation is highly favored within the cell, but the equilibrium can be readily shifted in vitro
to generate free capsomers. Prohead-1 is essentially an organizational intermediate in which
the capsomers are properly positioned, but weakly associated. Delta domains are critical to
maintain the weak interactions and reversible character of Prohead-I.

The X-ray model shows that Prohead-1*P has visibly weaker inter-capsomer interactions at
the Class 2 3-fold contacts when compared to Prohead-11 and we conclude that this
destabilizes the entire particle relative to Prohead-I1. The N-arm positions in Prohead 1P
directly contribute to this destabilization. Density for residues 104-124 (N-arm) differs
significantly between the Prohead-1*P and Prohead-I1 structures. Prohead-1*" displays strong
density for these residues in all the subunits, whereas there is virtually no density
corresponding to the N-arms in Prohead-I1. The N-arm densities are immediately adjacent to
the region near the P-loops and are stabilized by the internal delta domains to which they are
still attached. We infer that this stabilization directly affects the P-loops and their quaternary
structure interactions. Thus, delta domains impose their effect indirectly by constraining the
conformation of residues that follow them. Removal of the delta domain by proteolysis
releases the N-arms, allowing them to be dynamic and reducing their influence on the P-
loop. P-loops can then form much more stable interactions with each other at the trimers,
making Prohead-11 particles meta-stable and irreversible with respect to capsomer
association.

In addition to the tertiary structure distortion, the delta domain arrangement induces and
locks the skewed hexamer conformation. Only after their removal by protease do the
hexamers become symmetric at ambient temperatures. Strong delta domain density on the
pseudo 2-fold (quasi 6-fold) axis suggests its involvement in causing hexamer skew. This
role was further demonstrated in studies showing that the hexamers have 6-fold symmetry
and the delta domain density is disordered when Prohead-1 is heated to 60°C. After heated
samples are cooled to room temperature, the hexamers return to skewed conformation and
the delta domain density is restored?. This strong evidence, that the skewed conformation is
the result of the delta domain interactions, is consistent with the structural results reported
here.

The second role of the delta domain suggested by our data is to inhibit maturation. Though
the N-arm is dynamic in Prohead-11, in later intermediates it is engaged in extensive,
quaternary structure interactions. It contributes to a three stranded beta sheet in the mature
particle. This sheet is formed from two strands in the E-loop from one subunit and the N-
arm from another subunit. As this sheet is on the outside of the particle, it could never form
in the presence of the delta domain.

The role of the protease in assembly and maturation

Prohead-1 assembles effectively in the expression system with or without protease.
Previously, the role of protease was assigned only to its catalytic activity associated with
digestion of the delta domains and the generation of Prohead-I1. Here we showed that
protease stabilizes Prohead-1 employing both DSC (Fig. 3C; Prohead-1 is ~3° more stable
than Prohead-1"P) and chemical disassembly experiments (Figure 3B and D). (Prohead-I*P
does not fully disassemble under the mild conditions whereas Prohead-1 does). We surmise
that presence of the protease favors Prohead-1 assembly within the cell. Indeed, the presence
of the inactive protease was critical for the production of crystals that diffracted beyond 7A
resolution, implying there are specific interactions with the capsid that may reduce particle
flexibility and enhance stability.
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Combining biochemical, biophysical, and structural methods, we determined the structure of
the first icosahedral particle in the maturation of HK97 (Figure 7). The Prohead-I*P structure
revealed the mechanism for organizing subunits into the proper quaternary structure,
utilizing weak to moderate interactions that facilitate annealing and error correction. The
Prohead-1*P particle is thus poised for the series of events associated with maturation,
requiring only the activity of the protease to transform the reversible assembly state of
Prohead-1*P to the metastable state of Prohead-11 that then cascades down an energy
landscape to the mature virion.

Materials and Methods

Cloning and Protein Expression

Prohead-1 with inactive protease is produced by co-expressing H65A gp4 and wild type gp5.
Mutagenesis was performed using standard quick change PCR in a Perkin Elmer
thermocycler (Waltham, MA) with forward primer 5’-
GCGATGTTTTTCAACGCCAAGACGTGGGAGCTGCCG and its corresponding reverse
complement synthesized by Integrated DNA Technologies (San Diego, CA). DNA
sequencing of the resulting plasmid constructs was performed by Eton Biosciences (San
Diego, CA).

Prohead-I with and without inactive protease were expressed in BL21(DE3) pLysS cells
carrying pT7-Hd2.9:4™ vector. One liter of LB growth medium containing 0.50 pg/ml
ampicillin and 0.25 pg/ml chloramphenicol was inoculated with an overnight culture, and
when an optical density of 0.35-0.45 was reached (measured at a wavelength of 550 nm) the
culture was induced with 0.4 mM IPTG and incubated overnight at 28°C. Cells were
collected by centrifugation at 4640 x g and were resuspended in 45 ml of ice cold lysis
buffer (0.05 M Tris HCI pH 8.0, 0.005 M EDTA, 0.01 M DTT). Cells were lysed by
addition of 0.2 % (v/v) Triton X100. The cell suspension was cycled three times between
warming to 22 — 24°C and cooling on ice to facilitate complete lysis. The lysate was heated
to 22-24 °C, and MgSOQy at a final concentration of 7.5 mM and DNase | (20 ug/ml) were
added to decrease lysate viscosity. Cell debris was removed by centrifugation at 15300 x g.

Capsid particles were precipitated by adding 0.5 M monosodium glutamate (MSG) and 6%
(w/w) PEG 8000 and stirring on ice for 1 hour. Following centrifugation at 10000 x g, the
precipitate was resuspended by adding Prohead-1 buffer (0.02 M Tris HCI, pH 7.5, 0.05 M
MSG) and particles were pelleted by ultracentrifugation in the Beckman Ti50.2 rotor at 35K
rpm for 2 hours at 4°C. The pellet was resuspended overnight in Prohead-I buffer. Particles
were further purified over a 10-30% glycerol gradient by ultracentrifugation in an SW28
rotor at 27K rpm, 1.5 hours at 4°C, and the fraction containing particles, visible by its light
scattering, was removed by side-puncture of the tube with an 18 gauge needle and syringe.
The particles were loaded onto an anion exchange column (Poros PI, Applied Biosystems,
Foster City, CA) for final purification. Eluted particles were buffer exchanged by two cycles
of ultracentrifugation and stored in Prohead-1 buffer. SDS-PAGE confirmed pure particles
containing inactive proteases shown in figure 2B.

SAXS Analysis

Solution X-ray scattering data were recorded at the SSRL Beam Line 4-2. A bent cylinder
mirror focused the beam onto the detector position, and a pair of Si(111) crystals was used
as a monochromator. X-ray wavelength was 1.38 A in these experiments. SPEAR operating
parameters, beamline configuration, and detector instrumentation and calibration methods
were similar to those used in previously reported experiments.?# The sample-to-detector
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distance was 2.5 m. Radial averaging, intensity scaling, and background subtraction were
performed by MarParse 22,

A polycarbonate sample cell with mica windows was used for measurements. Sample
temperature was held at 20°C. SAXS measurements were taken for Prohead-1 and Prohead-
I*P particles and for matching blank solutions containing the Prohead-I buffer.
Measurements were gathered at particle concentrations ranging from 2-10 mg/ml. No
concentration dependent effects were observed. The data shown are for particles at 5 mg/ml.

Disassembly Assay

The capsid sample, either Prohead-I with or without protease, was diluted in 100 mM
CHES, pH 9.5, and 40% glucose. The final protein concentration was less than 5 mg/ml.
The kinetics of capsid dissociation was measured with a Varian Eclipse fluorometer (Walnut
Creek, CA), measuring scattering at 400 nm as a function of time. After overnight
dissociation, the capsid sample in Prohead-1 buffer was loaded onto a Superdex 200 size
exclusion column with a Biorad Duoflow flow pressure liquid chromatography and the
chromatogram was analyzed.

Differential Scanning Calorimetry

The MicroCal (Piscataway, NJ) VP-DSC calorimeter was used for calorimetry experiments.
Prohead-1 with or without the protease was diluted to 0.5 mg/ml in degassed 20 mM
potassium phosphate, pH 7.5, 20 mM potassium chloride. The temperature was
incrementally increased at a rate of 90 degrees per hour from 10°C to 110°C. The data were
analyzed with the graphic software Origin version 5.0 provided by MicroCal. T, was
measured as the centroid of the peak in the isotherm. AH is defined to be the area under the
peak.

Crystallization and Data Collection

Crystals of Prohead-1*P were grown in 200 mM sodium acetate, pH 4.6, 300 mM calcium
chloride, 4% w/w PEG 4000, 15% w/v glycerol, 100 mM sarcosine, and 6% n-propanol.
They were crystallized using the hanging drop method at 20°C. The reservoir contained
200mM sodium acetate, pH 4.6, 75mM calcium chloride, 4% w/w PEG 4000, 3.75% w/v
glycerol, 25 mM sarcosine, and 1.5% n-propanol. Crystals started to appear within 2 weeks
and were fully grown to 400-700 um in about 1 month.

Crystals were transferred sequentially to 10%, 20%, and 30% glycerol solutions containing
half concentrations of the crystallization buffer components, except for PEG 4000, which
was kept same as the original concentration. Soaking time was 30 seconds in each buffer,
following which the crystals were flash frozen in liquid nitrogen for storage or data
collection.

Diffraction data was collected at the BL11-1 beamline at the Stanford Synchrotron
Radiation Laboratory, Menlo Park, CA. Crystals were exposed to 0.99 A wavelength
(12658.079 eV) synchrotron radiation for 20 seconds with 0.25 degrees of oscillation. 250
frames of diffraction images were collected. The low resolution data of Prohead-1*F were
collected at GM/CA CAT, sector 23-1DD beamline at the Advanced Photon Source, in
Argonne, IL. Crystals were exposed to 0.775 A wavelength (15997 eV) synchrotron
radiation for 5 seconds with 99% attenuation and 0.25 degrees of oscillation. 760 frames of
diffraction images were collected.

To obtain the low resolution data, the detector was positioned 600 mm from the crystal at
the APS GM/CA CAT beamline, with an in-line helium cone.
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Data processing and Electron Density Map calculation

Diffraction images were indexed, integrated, and scaled using the HKL2000 package26. The
crystal space group was determined to be 123 with 2 particles in the unit cell. The orientation
was determined by the 5-fold self-rotation function in the GLRF program27. The Prohead-I11
atomic model (PDB code: 3E8K) was used to determine the initial phases13: 28. Phases
were improved and extended by multiple cycles of 5-fold real-space, non-crystallographic
symmetry (NCS) averaging and solvent flattening with the RAVE package29. After several
cycles of 5-fold, non-crystallographic symmetry (NCS) averaging and solvent flatteing to
remove model bias, the polypeptide backbone density became clearly interpretable. The
Prohead-1"P model was built by fitting each Prohead-I1 subunit as a rigid body into the
Prohead-1*P density. The Prohead-1"" model was further refined using Crystallography and
NMR System (CNS) rigid body refinement3° of each subunit from the structure factors
calculated from the NCS averaged map. Coot was used to further refine the pseudo-atomic
model with real space refinement31.

Viral protease (gp4) modeling based on homology

Structure prediction of the HK97 gp4 sequence with the FFAS03 server produced a number
of herpesvirus proteases with high confidence32: 33, These alignments were manually
refined using the Swiss-PdbViewer and the Swiss-Model server to produce predictions with
improved energetics33: 34 35; 36,
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a.

Maturation: capsid expansion and subunits cross-links
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Figure 1.

The assembly and maturation pathway of HK97 virus-like-particles. (A) The hexamers and
pentamers, composed of full length gp5 (residue 2—-385 shown in B,) co-assemble with the
viral protease gp4 to form Prohead-I. Once the assembly is complete, the protease cleaves
off the delta domain (residue 2—-103) followed by auto-proteolysis to form Prohead-I1
composed of gp5*. Capsid assembly and delta domain proteolysis take place in the E. coli
expression system. When Prohead-11 is purified by previously described methods, it can be
matured in vitro under a variety of conditions8: 37. The final mature capsid, Head-II,
contains catenated networks (“chain-mail”) formed by isopeptide covalent bonds between
subunits. (C) The crystal structure of the Head-I1 capsid subunit. The two domains and two
extensions are color coded. Cross-links join lysine 169 on the E-loop of one subunit to
asparagine 356 on the P-domain of the neighboring subunit. The delta domain, which is
absent in Prohead-11 and Head-Il, is connected to the N-arm in capsomers and in Prohead-I.
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Figure 2.

Prohead-1*P encapsidates enzymatically inactive gp4 protease. (A) The proposed model of
gp4 protease generated using Herpes protease homology. The active site of the serine
protease is shown in stick representation. (B) SDS-PAGE of Prohead-I with inactive
protease. Prohead-I gp5 is at 42 kDa and the gp4 protease is at 24 kDa. Gp4 is incorporated
into the Prohead-I capsid. (C) Overlapping curves from Prohead-1 with and without protease
in their SAXS patterns indicate that both forms have virtually identical particle shape and
overall structure at this resolution.
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Figure 3.

Biochemical comparisons of Prohead-I with and without protease. (A) Disassembly kinetics
of Prohead-1 and Prohead-1* monitored by light scattering at 400nm. By incorporating
inactive protease, Prohead-| capsid disassociated significantly slower than without protease,
indicating capsid stabilization by protease-delta domain interactions. (B) Both forms of
Prohead-I were loaded into Superdex 200 size exclusion column after disassembly
overnight. Prohead-1*P remains partially disassembled while Prohead-I was completely
disassociated after overnight in disassembly buffer. (C) The thermogram of both forms of
Prohead-I analyzed by Differential Scanning Calorimetry. Prohead-1 undergoes a major
thermal event at 79°C while Prohead-1*? undergoes a similar transition at 82°C. The
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recorded thermal event corresponds to particle disassembly and protein denaturation since
there is no additional peak up to 110°C (not shown). Three degrees of thermal stabilization
is contributed by interacting with the protease. (D) Negative stain electron microscopy of
intact Prohead-1*P and (E) partially assembled particles eluted from the size exclusion
column show that subjecting these protease-containing particles to conditions that
completely dissociate wild type Prohead-1 causes severe damage to the particles but does not
fully disassociate them.
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Figure 4.

Skewed hexamers and bent helices. (A) The hexamers of Prohead-1* exhibit a skewed
morphology with psudo-2-fold symmetry that relates subunits A, F, and E, to D, C, and B
respectively. After proteolysis of the delta domains by the gp4 protease, the symmetry of the
skewed hexamers remains the same. Following capsid expansion, the hexamers become 6-
fold symmetric. The pentons, however, maintain 5 fold symmetry throughout the maturation
pathway. (B) The atomic coordinates of Prohead-11 were fitted as a rigid unit into the
Prohead-1*P electron density map at 5.2A resolution. The spine helix of subunit B shown in
green exhibits the most bending in Prohead-1 and is closely similar to that observed in
Prohead-I1. This helix straightens as the capsid expands during maturation. (C) The spine
helix in subunit E of Prohead-1*" shown in magenta required remodeling to fit the Prohead-
I*P electron density map and exhibits less distortion than in Prohead-11 (shown in cyan).
This behavior correlates to the broken Class 2, quasi 3-fold interaction described in Figure 6.
All densities were contoured at 1.5 c.
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Figure 5.

The density associated with the N-arm at 5.2A resolution and the delta domain at 10A
resolution in Prohead-1*P. (A) The density of the N-arm and the connection to the delta
domain is displayed at 5.2A resolution. The model shown in magenta is based on the E
subunit polyalanine coordinates derived from the Prohead-I1 crystal structure and refined
into the Prohead-1*P density map. Residue 120 is the last observed residue in Prohead-II.
The additional density observed in Prohead-1*" is sufficient and properly positioned to
account for ~17 residues (residues 103-119 hypothetically, in black) proposed that connects
to the delta domain. (B) A 65 A thick cross section slice of Prohead-1*" 10 A electron
density is shown on the left and a hemisphere of the particle density is shown on the right.
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Regions in magenta are not present in Prohead-11 and correspond to the delta domain and
possibly part of the protease. (C) Delta domain density (magenta) at the particle pentamers
(Subunits G) viewed from the interior. (D) Delta domain density in magenta at the hexamers
exhibiting approximate tetrameric symmetry. Subunits A, B, and D, E show continuous
density to the delta domain, but subunits C and F do not. (E) Subunit B ribbon model
highlighted in yellow. The last modeled residue in Prohead-11, 125, is shown as an orange
sphere. The C-terminus of the delta domain, residue 103 is shown as a green circle in its
probable location. We proposed, as indicted in the figure, that this N-arm is connected to the
density associated with the delta domain. Subunits A, B, D, E, and G display similar features
(data not shown). (F) Subunit F ribbon model highlighted in yellow. The last modeled
residue in Prohead-11, 127, is shown as an orange sphere. The C-terminus of the delta
domain, residue 103 is shown as a green circle in its probable location. This N-arm does not
connect to the delta domain indicated as a dashed line. Similarly, subunit C also does not
connect to the delta domain (data not shown). All densities were contoured at 1.5 o.
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Figure 7.

A schematic illustration that depicts subunit interactions and transitions during maturation to
Prohead-11. The gp5 polypeptide is expressed and immediately folds into capsomers in E.
coli. Incorporating the gp4 protease, the delta domains promote inter-capsomer interactions
to drive formation of Prohead-1*P. In this particle, the delta domain serves as a lock to
prevent maturation by demobilizing the N-arms. As a result, the Class 2 quasi 3-fold
contacts, composed of subunits B, E (shown in the figure) and C (not shown in the figure),
are open whereas other trimer contacts are sealed. Protease removes the delta domain,
allowing the N-arms to gain flexibility, and the spine helix in subunit E undergoes additional
bending to completely close the quasi 3-fold contact. The transformed particle, Prohead-11,
is a meta-stable intermediate that is energetically positioned for spontaneous maturation
when electrostatically triggered.
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Crystallographic statistics.

Table 1

High Resolution Data | Low Resolution Data
Space Group 123 123
Cell Dimension (A) | a=b=c=560.120 a=b=c=560.730
Dpmin-Drmax () 45-5.2 100-10
# of reflections 3,472,359 48,522
Unique reflections 86,130 15,010
<lis(1)> 11.4 (1.6) 4(15)
Completeness % 77.5 (55.5) 93.9 (92.5)
Rmerge % 7.7 (26.1) 25.2 (57.2)
Rave % 16.3 (45.8) 22.7 (36.9)
CCpre % 96.4 (43.5) 86.3 (64.1)
Rerys / Riree %0/ 46.1/46.7 n/a

Page 22

Values in parentheses are for the outer shell resolution bin (5.29-5.20) for the high resolution data and (10.36-10.00) for the low resolution data.
Rmerge=(Zh Zi(Ihi—<Ih>)/Zh Zilh) x 100. <In> is the mean of the Ihj observations of reflection h. <I/s(1)> is the average signal-to-noise ratio of

observed intensity (1).

CCave=X((Fol-<IFOP)(FCl-<IFcl>)/(Z(Fol-<IFol>)2L(Fcl-<IFcl>)Y2)Y2. Reryst=LhIFO-FCI/ZhFO, FO is observed structure factor and
FC is calculated structure factor.

Rave=2 hIFO—FCl/2hFO, FO is observed structure factor and F¢ is calculated from a 5-fold NCS-averaged electron density map.
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