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Baculovirus is the most studied insect virus owing to a broad ecological distribution and ease of engineering for
biotechnological applications. However, its structure and evolutionary place in the virosphere remain enigmatic.
Using cryo-electron microscopy, we show that the nucleocapsid forms a covalently cross-linked helical tube pro-
tecting a highly compacted 134-kilobase pair DNA genome. The ends of the tube are sealed by the base and cap
substructures, which share a 126-subunit hub but differ in components that promote actin tail-mediated propul-
sion and nuclear entry of the nucleocapsid, respectively. Unexpectedly, sensitive searches for hidden evolutionary
links show that the morphogenetic machinery and conserved oral infectivity factors originated within the lineage
of baculo-like viruses (class Naldaviricetes). The unique viral architecture and structural atlas of hallmark proteins
firmly place these viruses into a separate new realm, the highest taxonomy rank, and provide a structural frame-
work to expand their use as sustainable bioinsecticides and biomedical tools.

INTRODUCTION

Large metagenomic surveys have qualitatively and quantitatively ex-
panded our knowledge of the extraordinary diversity of viruses
(1, 2). The prevalence of viruses in all ecosystems means that they
largely outnumber cellular organisms including in our own body
(3, 4). Besides their ability to cause disease, it has thus become clear
that viruses play essential roles in the environment (5-7) and can
have a beneficial impact on human activities (8). Baculoviruses are a
prime example of the multiple ways in which viruses can be har-
nessed to contribute to agriculture, biotechnology, and biomedi-
cine (9-11).

Ever since their discovery, baculoviruses have been studied as
bioinsecticides for the sustainable control of invasive insects (9, 12).
In turn, these applications have stimulated research on the molecu-
lar biology of baculoviruses, enabling a broad range of new biotech-
nological tools owing to the ease of manipulation of these large
DNA viruses. Today, baculoviruses are widely known for their use as
vectors for heterologous production of recombinant proteins, un-
derpinning the synergy between scientific research and biotechno-
logical developments. The baculovirus expression system has been
used for the development of human vaccines, personalized cancer
therapeutics, and the first gene therapy vectors approved for clinical
use (11).

Despite the extensive exploitation of baculoviruses for various
biotechnological applications, the place of baculoviruses and related

"Infection Program, Biomedicine Discovery Institute, Monash University, Clayton,
Victoria, Australia. Department of Biochemistry and Molecular Biology, Monash
University, Clayton, Victoria, Australia. 3Walter and Eliza Hall Institute of Medical Re-
search, Parkville, Victoria, Australia. “Department of Medical Biology, The University
of Melbourne, Parkuville, Victoria, Australia. *Institut Pasteur, Université Paris Cité,
CNRS UMR6047, Archaeal Virology Unit, 75015, Paris, France. %Ramaciotti Centre for
Cryo-Electron Microscopy, Monash University, Clayton, Victoria, Australia.
*Corresponding author. Email: fasseli.coulibaly@monash.edu

1These authors contributed equally to this work.

$Present address: New York Structural Biology Center, 89 Convent Ave., New York,
NY 10027, USA.

Johnstone et al., Sci. Adv. 10, eado2631 (2024) 18 December 2024

“baculo-like” viruses of the class Naldaviricetes in the virosphere
and their provenance remain unresolved (3). Baculo-like viruses
represent the only group of eukaryotic double-stranded DNA (ds-
DNA) viruses not assigned to any of the six currently recognized
virus realms (13), the highest official rank in virus taxonomy (14).
All other eukaryotic viruses with large dSSDNA genomes fall into one
of the two realms: Varidnaviria, which includes the giant mimivirus,
poxviruses, and many more, and Duplodnaviria, which comprises
tailed bacteriophages and herpesviruses, defined by their distinct
morphogenetic modules traceable to prokaryotic virus ancestors
(15). On the basis of the overlapping gene content, it has been sug-
gested that baculoviruses could be distantly related to varidnavi-
ruses (16). However, this connection remains tenuous due to lack of
sequence evidence for homology of baculovirus core genes and no
structural information on the capsid proteins of baculoviruses.

Baculoviruses differ from other viruses in several respects. Bacu-
loviruses have a large, circular dsDNA genome of 80 to 180 kilo-
base pairs replicated in the nucleus of infected cells. They are rare
examples of animal DNA viruses with helical nucleocapsids, confer-
ring a large packaging capacity for foreign DNA. Like some other
insect viruses, baculoviruses produce two distinct infectious forms.
“Classical” secreted particles, called budded virions or BV, are pro-
duced by budding of the nucleocapsid at the plasma membrane (17).
In addition, occlusion-derived virions or ODVs are produced dur-
ing late stages of infection, whereby nucleus-retained nucleocapsids
are encased with a de novo-assembled lipid envelope and are em-
bedded into micrometer-sized protein crystals called occlusion
bodies or polyhedra (18, 19). These ultrastable crystals contain up to
several hundreds of virions, allowing long-term persistence of the
virus in the environment (19).

The nucleocapsid orchestrates key steps in the infection cycle in-
cluding the packaging of the genome, membrane envelopment, ac-
tin tail-driven trafficking within the cells, and breach of the nuclear
pore upon genome delivery (17, 20). To understand the provenance
and biology of baculo-like viruses, we have determined the structure
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of the nucleocapsid in the intact BV of the prototypical baculovirus,
Autographa californica multiple nucleopolyhedrovirus (AcMNPV).
We find that the BV nucleocapsid is a cross-linked tube with a
unique molecular organization, and discuss key differences with re-
cent structures of baculovirus nucleocapsids (21, 22). In addition,
based on a comprehensive structural atlas of the 38 conserved bacu-
lovirus proteins, we identify hallmarks in the viral architecture and
a set of conserved proteins involved in assembly and virulence that
support the independent origin of baculo-like viruses compared to
viruses from existing viral realms.

RESULTS AND DISCUSSION

The baculovirus nucleocapsid is a helical tube sealed by two
multiprotein structures, the viral base and cap

As expected from a previous work (23), the BV particles of ACMNPV
imaged by cryo-electron microscopy (cryo-EM) present an outer
lipid membrane loosely associated to an inner tubular nucleocapsid
that contains the genomic DNA (Fig. 1A). The viral membrane is
studded with protein spikes and separated from the nucleocapsid by
a tegument layer. Single-particle analysis of these cryo-EM images
produced three-dimensional (3D) reconstructions of the helical and
base components of sufficient resolution to allow the unambiguous
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Nucleocapsid

MCP(B)

1 i1
Hub 1?2 Hyp2r2
Hub2®!

identification of most proteins forming the tube and base of the nu-
cleocapsid (figs. S1 to S4 and tables S1 and S2). Models produced by
artificial intelligence-based structure prediction (24) were iteratively
placed in the electron density map by manual model building and
secondary structure matching, and their structures were refined at
resolutions of 3.1 and 4.7 A for the tube and base, respectively (figs.
S2 and S3).

The baculovirus nucleocapsid forms a tubular container accom-
modating the genomic DNA in an internal cavity (Fig. 1B). This ar-
chitecture is uncommon in virus structures and, for DNA viruses, is
only described in archaeal helical viruses (25, 26), the mimivirus
genomic fibers (27), and white spot syndrome virus, an orphan
crustacean-infecting virus distantly related to baculoviruses (28, 29).
The two ends of the baculovirus particles, although difficult to dis-
tinguish visually from each other in cryo-EM images, were readily
classified by image processing (figs. S3 and S4). The base resembles
a crown with triangular spikes pointing out of a flat base. Weak elec-
tron density is present between the 14 spikes at the center of the
base, which suggests the presence of additional protein components
heterogeneous in structure or composition (fig. S5). The cap re-
solved at a resolution of 5.1 A has a distinct conical shape composed
of three components: a distal capsule, an injector-like structure
(ILS), and a connecting neck (Fig. 1, A, C, and D).

c Tube Hub Base
PLP (p6.9) N/D
— MCP (VP39) Helical 3xC14
MCP Hub 1(C42) 2xC14 2xC7
Hub 2 (Ec27) 2xC14 2xC7
Hub 3 (VP80) 3xC14
HSP 1 (Ac109) 1xC14
HSP 2 (Ac142) 1xC14
BCP (38k) 1xC14
i 1518 BANPF (p78/83) N/D
Viral DNA —Li: BANR (Ac102) N/D

——- Wwu Gfp ——

MCP(A) v, -
Injector-like

Fig. 1. The baculovirus nucleocapsid has a unique helical organization sealed by complex base and cap structures. (A) Representative image of a purified ACMNPV
BV imaged under cryogenic conditions. Scale bar, 50 nm. (B) Clipped, top view of the helical reconstruction of the nucleocapsid with the MCP VP39 represented in blue
and the internal DNA in green. Inset: Clipped side view of the nucleocapsid tube. (C) Composition of the base and tube including the symmetry and stoichiometry deter-
mined by cryo-EM. N/D, not determined. (D) Cryo-EM reconstruction of the entire nucleocapsid, assembled from individual reconstructions of the base, tube, and cap.
Base (left) and cap (right) colored according to individual subunits. The nucleocapsid tube is colored in blue with an individual strand represented in red. (E) Molecular
organization of the base (left), tube (middle), and cap (right) as a schematic representation. (Middle) An individual MCP strand of the nucleocapsid helical tube is high-

lighted with adjacent strands shown in a semitransparent representation.
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The main tube of the AcMNPV nucleocapsid is made of 14 heli-
cal strands of dimers of the major capsid protein (MCP; also called
VP39 or AC89), organized with a C14 cyclic symmetry, as deter-
mined by subtomogram averaging and helical reconstruction (figs.
S1 and S2 and table S1) and recently reported by others (21, 22).
Unexpectedly, the genomic DNA is organized as tightly packed,
concentric layers. The DNA strands fill up most of the inner vol-
ume of the tube with an interstrand spacing of 27 A comparable to
the 26-A spacing in the capsids of herpes simplex virus 1 (HSV1),
with a similar packing density [0.32 versus 0.36 base pairs (bp)/
nm®] (Fig. 1B). Thus, compaction of the genome in baculovirus
nucleocapsids is similar to the levels observed in highly pressur-
ized capsids of herpesviruses that use packaging motors to achieve
pressures up to 18 atm (30, 31). However, no such packaging motor
has been identified for baculovirus. It is thus possible that baculo-
virus achieves the compaction of its genome without active pres-
surization.

N,

he S gpo
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The main body of the nucleocapsid is fully cross-linked by
disulfide bonds
The 25-A-thin wall of the tube presents large gaps in the nucleocapsid
surface, which contrast with the tightly sealed surface of most viral
capsids (fig. S6A). Thus, baculoviruses face a challenge of packing and
stably maintaining a highly compacted genome within a thin shell of
loosely associated MCP dimers. Bacteriophages and herpesviruses
have evolved two strategies to overcome such a challenge. The most
common strategy is capsid stabilization by cementing proteins at weak
connecting points between capsomers. Less frequently, the capsids are
cross-linked by an intricate chain mail of the MCP, as in the isopeptide
bond-stabilized HK97 particles (32). The baculovirus adopts a stabili-
zation strategy analogous to the HK97 chain mail, which is based on
an extensive network of intermolecular disulfide bonds that covalently
cross-link the entire body of the nucleocapsid (Fig. 2A).

The building blocks of the tube are flat, diamond-shaped dimers
formed by two triangular MCP subunits (Fig. 2, A to C). The fold of
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Fig. 2. The baculovirus nucleocapsid is a cross-linked helical tube stabilized by intermolecular cross-links and a tight pin/lasso interaction. (A) Arrangement of
the MCP subunits in the helical tube seen from the outside of the particle. A single, helical strand is highlighted by coloring of the dimer subunits in yellow and blue, with
adjacent strands shown in gray. A single asymmetric unit is shown overlaid with the cryo-EM reconstruction as a semitransparent yellow surface. Cysteines potentially
involved in intradimer and interdimer disulfide bonds are shown as pink and red spheres, respectively. Bottom left inset: Zoomed-in view of the intrastrand disulfide bond
between the adjacent Cys'®® and Cys'*? residues. Bottom right inset: Zoomed-in view of the interstrand interactions viewed from the inside of the virion, including the
putative Cys?>-Cys?® disulfide bond and associated zinc finger motif, and the f sheet interaction of two adjacent lassos. (B) MCP dimer formed by two subunits shown in
cartoon and semitransparent surface representations as in (A). (C) (Top) MCP dimer, rotated 180° around the y axis with respect to (B). The interdimer pin-lasso interaction
is shown by darker yellow and blue coloring with respect to the rest of the molecule (black dashed box). (Bottom) Schematic representation of the dimer and pin-lasso
interaction. (D) Schematic of the disulfide network between adjacent MCP dimers. Top right inset: Extended representation of the disulfide network. The dimer is repre-
sented by two circles at the center of mass of each subunit. Disulfide bonds are represented by dashed lines with Cys?®, Cys'*2, and Cys'®® shown as maroon, red, and or-
ange spheres, respectively.
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the MCP is novel and has no identifiable homolog in the Protein
Data Bank (PDB) and AlphaFold databases of predicted structures
(table S3). The N terminus of the MCP contains a CCCH zinc finger
motif that does not match known motifs due to an unusual exten-
sion in the “knuckle” turn of the zinc finger containing the first two
cysteines (Fig. 2A, bottom right inset, and fig. S7A). This extension
has a structural role as it projects away from the main body of the
MCP to form a potential interdimer disulfide bond between two
Cys® residues from neighboring MCP strands in the nucleocapsid
(Fig. 2A and figs. S61 and S7A). Zinc fingers are commonly found in
nucleic acid-binding proteins but rarely in viral (nucleo)capsid pro-
teins. The only characterized examples are presented by the NC pro-
tein of reverse-transcribing viruses (33) and sigma 3 of reovirus
(34). However, the retroviral NC does not assemble into a regular
structure (33) and sigma 3 interacts with RNA as a dimer in infected
cells but not within the capsids. In the baculovirus, the zinc finger
motif is oriented toward the lumen of the nucleocapsid tube and
contacts inner tubular structures assigned to the viral DNA (Fig. 1A
and fig. S7). The zinc finger motif is followed in sequence by an ex-
tended fB-hairpin (the “pin,” MCPsg.g,), completing the flat face of
the MCP that forms the inner surface of the tube (Fig. 2A).

The MCP face exposed to the outside of the tube is composed of
a helical domain and a four-stranded f sheet. Decorating this com-
pact fold is a long loop (the “lasso,” MCP;;5.296), which makes up
most of the intradimer interface and extends to the inner side of the
MCP nucleocapsid (Fig. 2C and fig. S6F). The dimer is further stabi-
lized by two notable features: an intermolecular disulfide bond
(Cys***-Cys*®) and a complementary interaction between the pin
and the lasso of the two subunits that interlocks the dimer (Fig. 2, C
and D, and fig. S6, F and G).

Unexpectedly, each strand is held together through a small inter-
dimer interface burying only 660 A% However, this interaction
forms a highly complementary lock-and-key interaction stabilized
by an interdimer disulfide bond between residues Cys'*> and Cys'®
(Fig. 2A, left inset, and fig. S6H). Similarly, interfaces between the
nucleocapsid strands are relatively small but stabilized by a potential
interstrand disulfide bond. The lasso forms an antiparallel § sheet
interaction with the lasso from the next strand (Fig. 24, right inset),
whereas the zinc finger extensions from two neighboring subunits
project toward another, burying only 483 A? but potentially locked-
in by a disulfide bond between Cys™ residues (Fig. 2A, right inset).
We experimentally confirmed the presence of disulfide bonds in the
AcMNPV capsid (fig. S8). The intrastrand cysteines are conserved
across the viral family, whereas the interstrand cysteine pair is spe-
cific of alphabaculoviruses. Thus, the entire tube is a covalently in-
terlinked container, which is expected to be extremely stable under
oxidizing conditions.

The assembly of the nucleocapsid takes place in the nucleus,
which presents a reducing environment in uninfected cells. In
baculovirus-infected cells, however, 1 of the 38 core genes conserved
in all baculovirus genomes codes for a viral sulthydryl oxidase
(BSOX; known as AC92 or P33) that catalyzes the formation of di-
sulfide bonds in the nucleus of infected cells (35). BSOX may work
in concert with AC81, a proposed disulfide bond isomerase (36).
Although BSOX is essential for baculovirus replication, the only
BSOX target identified so far is protein PIF-5, which is important for
oral infectivity but otherwise dispensable for replication in cell cul-
ture (37). The key role of inter-MCP disulfide bonds for the nucleo-
capsid integrity suggests that the MCP is a major target of BSOX. This

Johnstone et al., Sci. Adv. 10, eado2631 (2024) 18 December 2024

would explain why BSOX knockout viruses produce aberrant, non-
infectious particles, but the molecular mechanism for this BSOX
role remains to be elucidated (35, 38).

MCP quasi-equivalent interactions allow docking of the cap
and base at each end of the nucleocapsid

In our cryo-EM reconstructions focused on either end of the nu-
cleocapsid, the last three MCP rings curve inward to accommodate
the base and cap components (Fig. 1, C and D, and fig. S9, A and B).
The induced curvature in the otherwise straight tube is achieved by
local conformational changes particularly in the lasso and the loop
containing the interlocking residue Cys'® (fig. S9D), affecting the
inter- and intrastrand interfaces, respectively. Thus, the MCP dimers
form quasi-equivalent contacts in a manner analogous to icosahe-
dral particles that follow the Caspar and Klug principles (39, 40).
The thin shell formed by the MCP is reminiscent of the spindle-
shaped archaeal viruses, which are the only other known examples
of quasi-equivalent helical virions (25). This results in three rings of
decreasing diameters tapering the nucleocapsid tube to fit the base
and cap (fig. S9B).

A 126-subunit complex forms a hub for additional
components in both the base and cap

At each end of the tube, the last two rings of the nucleocapsid tube
are encased into a collar formed by the “hub,” a large complex of 126
subunits that functions as a docking platform for other components
specific to the base or the cap (Fig. 1C and fig. S9). The hub forms a
ring with a 14-fold rotational symmetry (C14) consisting of five pro-
teins that have various names in the literature for historical reasons.
Here, we rename them Hubl (ODV/BV-C42 or AC101), Hub2
(ODV-EC27 or AC144), Hub3 (VP80 or AC104), HSP1 (hub spike
protein 1, AC109), and HSP2 (hub spike protein 2, AC142) accord-
ing to their functions.

As in the ODV nucleocapsid (22), the core of the BV hub is a ring
of 14 heterotetramers, each composed of two dimers of the Hub1-
Hub2 complex, i.e., 14 x [Hubl-Hub2]; (fig. S9, E and F). Hub1 and
Hub2 form an intricate complex, with the compact Hub2 at its core
and a series of helices in the C terminus of Hub1 (D3539.350) wrapping
around most of Hub2. In turn, this Hub1-Hub2 complex assembles
into a heterotetramer through two separate interfaces. The first inter-
face is formed by homotypic interactions between the Hublp, do-
mains at the base of the hub. The second one involves the “handle” of
one of the Hub2, an extended N-terminal helix, which reaches out to
the other Hub1p3/Hub2 core. This dimer is highly asymmetrical due
to a completely different positioning of the Hublps/Hub2 core and
local differences in the interdomain Hubl linker (fig. S9F).

The hub ring is built around two main interfaces between the
[Hub1-Hub2], heterotetramers. First, a domain swap of a projecting
helix in both Hub2 subunits connects two dimers. Second, Hub1p,
domains from two neighboring [Hub1-Hub2], heterotetramers pack
together, positioning their respective cysteine Cys'’* residues within
the disulfide bond distance (fig. S9E). This residue is highly con-
served, supporting the biological significance of this interaction. Al-
though these features were not described for the ODV nucleocapsid
(22), an equivalent electron density is present in the deposited cryo-
EM reconstruction (fig. S10, A and B).

Hub3 (VP80) is the only hub component that is not strictly con-
served across all baculoviruses (41). As in ODVs, Hub3 is located on the
outside of both ends of the tube (fig. S9, D and G, and Supplementary
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Text), which is compatible with a known role in nuclear egress, hijack-
ing actin-myosin complexes (42) and a structural role as an attachment
point for the “spike” of the hub (described below).

The crown shape of the hub results from the presence of 14 distal
spikes attached to the hub (fig. S9H). The spike is a heterodimer of
HSP1 and HSP2 (fig. S9I), which may be stabilized by an intermo-
lecular disulfide bond between conserved cysteines Cys>> in HSP1
and Cys'’* in HSP2. This disulfide bond was not reported in the
ODV nucleocapsid structure due to a register shift in this region,
which may result from modeling errors or biological differences be-
tween the BV and ODV infectious forms (fig. S10, C and D). The
spikes are not required for the correct assembly of the nucleocapsid
(43), but mutant viruses without functional HSP1 or HSP2 lack in-
fectivity (43-46). The location of the spike at the tip of the nucleo-
capsid proximal to the viral membrane in the virion supports its role
in membrane envelopment of the nucleocapsid (43). Unenveloped
nucleocapsids lack the machinery required for exit from the nucleus
to form BVs (22), which would explain why cell-to-cell spread is
abolished in HSP1 and HSP2 knockouts.

The last lasso of each of the 14 terminal MCPs at both ends of the
tube flips out from the pin to provide an anchor for the hub collar
(fig. S9, C and D). Thus, the pin is a likely candidate for a switch

between the curved organization of MCPs in the hub at each end
and the straight MCP tube in the rest of the nucleocapsid. Although
it was not modeled in the ODV nucleocapsid, the electron density
map is very similar in this area, suggesting that this switch functions
in the same way in both infectious forms (fig. S10, E and F).

The base is decorated by components involved in assembly
and trafficking

In the base, but not the cap, the hub accommodates a large chamber-
like structure that forms a “plug” (Fig. 3, bottom middle). The plug
protrudes on the inside of the tube, suggesting a possible role in
organizing the genomic material. The plug is encircled by a smaller
ring assigned to DNA (base DNA or bDNA) that is reminiscent of
the “anchor” DNA found around herpesvirus portal complexes
(47). Like the core of the hub, the plug is composed of Hub1-Hub2
complexes (Fig. 3A). However, here, the complexes assemble as a
tighter ring with C7 cyclic symmetry that fits within the C14 hub
(fig. S11A). We identified two discrete conformations of the plug,
which may be due to the C14/C7 symmetry mismatch (fig. S11; cf.
Supplementary Text). Relative to the Hub2 orientation in the hub,
the inner Hub2 subunit rotates by 162° toward the central axis of
the particle due to a sharp kink in the handle of the other Hub2

Hub

polymerization

Fig. 3. The base comprises components required for genome packaging and actin-tail polymerization. (Main panels) Clipped, side views of the C14 reconstruction
of the base colored according to region: hub (pink), DNA (green), baculovirus CTD phosphatase (BCP or 38K; magenta), and plug (orange). (Top right) Schematic of indi-
vidual subunits that make up the base substructure. (A) Cartoon representation of the [Hub1/Hub2], dimer in the hub (left, transparent ribbon) and the plug (right,
opaque ribbon). Hub1 and Hub2 are colored in orange and pink, respectively, with the extended Hub2 handle connecting the R1 and R2 rings highlighted in surface
representation to reveal a kinked conformation in the plug for Hub2®" (black arrow). The resulting 162° rotation of the Hub1p3/Hub2®' core results in a compact C7 com-
plex plugging the particle base. (B) Cartoon representation of BCP highlighting its two-domain organization. There is no homolog of the N-terminal domain, but the CTD
is homologous to eukaryotic HAD phosphatases. The putative active site is highly conserved (magenta spheres). A comparison of the active sites of BCP and the Fcp1
phosphatase (PDB ID: 3EF0) is shown in the inset. The six main residues involved in catalysis in HAD phosphatases (Asp'*-Asp'*?, Ser'”7, Asp?>-Asp?’®, and Lys>'") are
shown as sticks. They are conserved in sequence and conformation. (C) Representation of BCP in the context of the base. The color scheme is the same as the central
panel with the BCP active site highlighted in magenta. (D) Schematic representation of the hub (orange hexagon) with AlphaFold2 models of the Hub 157 domain, BANPF
domain, and BANR protein. Modeling predicts the formation of Hub1p,-BANPF and Hub1p;-BANR dimers but not a heterotrimer.
18 December 2024
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subunit. This conformational shift effectively closes the chamber-
like structure, sealing the basal end of the nucleocapsid (Fig. 3A).
Neighboring components (BCP and bDNA) would clash with the
hub-like conformation of the Hub1-Hub2 heterodimer, which may
explain why Hub1-Hub2 adopts a closed conformation in the plug.

The inner side of the hub is decorated by 14 copies of the baculo-
virus C-terminal domain (CTD) phosphatase (BCP; also known as
38K or AC98) protein, which was not known to be a structural com-
ponent of the nucleocapsid before an independent structure of the
ODV (Fig. 3, B and C) (22). Sequence and structural analyses iden-
tify BCP as a member of the haloacid dehydrogenase (HAD)-like
superfamily of phosphatases (table S3) (48). The phosphatase do-
main of BCP is highly conserved, with the key active site residues
characteristic of cellular HAD phosphatases being preserved (Fig.
3B). BCP is positioned on the inner side of the base, with a fully ac-
cessible active site facing the genomic DNA (Fig. 3C). Phosphatase
activity of BCP mediates dephosphorylation of the baculovirus
protamine-like protein (PLP; also known as p6.9 or AC100), which
is essential for nucleocapsid assembly (48). This posttranslational
modification restores the polycationic nature of PLP, which can then
neutralize the negative charges of the viral DNA backbone. This
neutralization allows a high level of compaction as seen in a cellular
context for the protamine-mediated condensation of the sperm
DNA. Thus, this organization provides an elegant mechanism for
the in situ processing of PLP by BCP within assembled particles,
presumably during the initial phase of genome packaging.

Two proposed components of the base are missing from our struc-
ture: the baculovirus actin nucleation promoting factor (BANPF; pre-
viously known as p78/83 or AC9) and the baculovirus actin nucleation
regulating protein (BANR; previously known as AC102) (49, 50). Un-
expectedly, modeling and a structure-based sequence alignment re-
veal that BANR and the N terminus of BANPF have homologous

folds, suggesting that they likely emerged following a gene duplica-
tion event (Fig. 3D). BANPF contains an actin-binding WH2 (WASP-
homology 2) domain and is predicted to be homologous to the human
neural Wiskott-Aldrich syndrome protein (N-WASP), a regulator of
actin polymerization (table S4). BANPF is known to promote the for-
mation of propelling actin comets by stimulation of the Arp2/3 com-
plex (20). Consistent with the biochemical data (49), our modeling
confidently predicts that both BANPF and BANR can form complex-
es with Hub1p; and appear to be competing for the same binding site
in Hub1 (fig. S12). This interaction places these proteins into the dif-
fuse electron density that projects outside of the base (Fig. 3 and fig.
S5), which is compatible with their function in actin-tail polymeriza-
tion to propel the nucleocapsid within the cell during entry and
egress. When accessible, Hub1p; acts as a degron, which induces the
K48-linked ubiquitination of Hubl and its degradation, unless it is in
complex with BANR (49). Thus, BANR allows the stabilization and
nuclear import of Hub1. Given the overlapping binding sites of BANPF
and BANR on Hublp,, it is possible that BANPF protein displaces
BANR in the base upon assembly and/or maturation of the virion,
allowing spatiotemporal regulation of the BANPF actin-tail polymer-
ization activity.

The cap forms an elaborate structure resembling a viral

DNA portal

At the opposite end of the particle, our cryo-EM reconstruction of
the cap reveals a three-component module with a distal capsule, an
ILS, and an adaptor neck (Fig. 4). At a resolution of 5.1 A, the local-
ized reconstruction presented a well-defined hub but did not allow
model building or identification of the cap-specific components. The
capsule that seals the nucleocapsid is a three-tier hollow structure
that docks onto the hub spike through HSP2 at the most distal end of
the nucleocapsid tube. The capsule is likely to seal the nucleocapsid

Capsule

ILS-1

Fo'd

gl

e

=

1l

Fig. 4. The nucleocapsid cap is composed of an outer capsule and an inner ILS. (Main panels) Clipped, side views of the C14 reconstruction of the cap colored accord-
ing to region: hub (pink), DNA (green), neck (yellow), injector-like structures ILS-1 and ILS-2 (light blue and teal, respectively), and capsule (dark blue). (Top left) Sche-
matic of individual subunits that make up the base and cap substructures. (A and B) Zoomed view of the electron density map for ILS-1 and ILS-2, respectively, viewed as
in the main panel but clipped (left) and from the top of the particle (right). (C) Orthogonal views of the electron density of the ACMNPV ILS (left) and the herpesvirus
portal structure in surface representation (PDB ID: 60D7; right). (D) Clipped view of the ILS (surface representation of the single-particle analysis cryo-EM reconstruction)

reveals a diameter sufficient to accommodate B-form dsDNA (model).
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upon completion of packaging similarly to stopper proteins that plug
the portal of tailed bacteriophages, preventing DNA escape from
mature viral head particles (51).

The capsule is positioned at the tip of the cap, which has been
shown to direct the intranuclear envelopment of nucleocapsid dur-
ing morphogenesis of ODV's and to dock onto the nuclear pore dur-
ing entry. The top, middle, and bottom tiers have outer diameters of
11, 16, and 23.6 nm, respectively, which are smaller than the dimen-
sions of the inner channel in the nuclear pore complex (64 nm). The
maximum diameter of the nucleocapsid is very similar to the width
of HIV-1 capsid (54 nm versus ~60 nm, respectively), which can
pass through the NPC as intact particles (52).

The inner space of the capsule is largely hollow in our recon-
struction, except for the ILS at its center. This tubular substructure is
split into two 9-nm-long chambers (ILS-1 and ILS-2) connected to
each other. The ILS is surrounded by a neck that connects it to the
hub through the Hub1p, component of the hub (Fig. 4). The neck of
the cap occupies a similar position as the plug in the base. Thus,
conceivably, the neck is also composed of a Hub1-Hub2 heterodimer
but the electron density map does not allow conclusive identifica-
tion of this component.

The two ILS chambers are very similar in their ultrastructure but
organized in a head-to-head orientation. Both ILS-1 and ILS-2 are
composed of an elongated barrel, open where the two chambers
come together and closed by a cork-like structure at the other end
(Fig. 4, A and B). Given their high similarity, it seems likely that ILS-
1 and ILS-2 are composed of the same proteins. Although cross-
linking mass spectrometry has not allowed the identification of the
components in the cap, plausible candidates include VLF-1, VP1054,
and AC66, which are essential for morphogenesis. Only AC66 has a
predicted structure compatible with the elongated electron density,
but this model is of poor reliability (Fig. 5), and no conclusive fit was
obtained.

Although the ILS and herpesvirus portals share similar chamber
dimensions and constrictions, we do not infer that they have a common
evolutionary origin or function (Fig. 4C). They are wide enough to
accommodate dsDNA in its B-form for most part (Fig. 4D), but the
passage is closed at the distal ends of each chamber in the mature
BV nucleocapsid. In contrast to packaging systems well described in
bacteriophages and herpesviruses, no motor protein has been iden-
tified in baculoviruses and the mature genome is a circular molecule
that is topologically incompatible with the packaging machinery of
tailed bacteriophages and herpesviruses.

Baculovirus is the prototype of a proposed new realm

The place of baculo-like viruses in the global virosphere and their
relationship to other DNA viruses have remained elusive for decades.
In official taxonomy, baculo-like viruses are classified into the class
Naldaviricetes (13, 53), which is not assigned to either Varidnaviria
or Duplodnaviria realms of viruses with large dSDNA genomes. Un-
officially, however, it has been suggested that baculo-like viruses
could have evolved from either of these vast realms. The two realms
are defined based on unrelated morphogenetic modules centered
around the double jelly roll (DJR)-fold and HK97-fold MCPs, re-
spectively, coupled with distinct genome packaging adenosine tri-
phosphatases (ATPases) (3). These viruses adopt a diversity of
architectures, but none of them presents a helical nucleocapsid com-
parable to the one of baculoviruses.

Johnstone et al., Sci. Adv. 10, eado2631 (2024) 18 December 2024

Here, we show that the baculovirus MCP has a novel fold and in-
tricate molecular organization in the infectious particle. Although
Jia et al. (22) proposed that the ACMNPV MCP is similar to the MCP
of herpes-like viruses, we find no support for this conjecture at either
the tertiary or quaternary structural level. Notably, the MCPs from the
two other realms of viruses with dsDNA genomes lack the signature
structural elements of the baculovirus MCP, including the N-terminal
zinc finger, cross-linking cysteines, and the lasso/pin components
(Supplementary Text and fig. S13). Furthermore, baculo-like viruses
do not encode homologs of either genome packaging ATPase (termi-
nase) or portal protein, two quintessential proteins readily identifiable
in herpesviruses and HK97-like phages. Similarly, baculoviruses lack
the FtsK-HerA superfamily genome packaging ATPase of poxviruses
and related giant viruses, and their MCP bears no resemblance to the
DJR MCPs (Fig. 6, A and B).

To further assess the relationships between baculoviruses and
other known DNA viruses, we expanded the evolutionary analysis
and structural modeling to the core baculovirus genome, which in-
cludes 38 genes. The corresponding proteins can be divided into
three main groups: the morphogenetic, information processing, and
virulence modules. We used sensitive hidden Markov model (HMM)-
based analysis to search against various profile HMM databases,
including a comprehensive database of large and giant virus pro-
teins (54). To investigate more distant evolutionary relationships
undetectable by sequence analysis only, we also generated a struc-
tural atlas of the core proteins (Fig. 5, figs. S14 and S15, and data S2)
and used it for structure-based homology searches against the data-
bases of known experimental and predicted structures (Fig. 6A,
table S3, and data S1).

The core proteins constituting the morphogenetic module can be
further divided into those directly involved in the structure of the
nucleocapsid or envelope (14 proteins) and proteins aiding virion
assembly (8 proteins). Sequence and structure searches did not
identify any viral homologs outside of the Naldaviricetes for the
structural proteins forming the viral tube (MCP and PLP) and the
hub (Fig. 6A and table S4). Notably, three minor nucleocapsid com-
ponents are homologous to cellular proteins or nonstructural viral
proteins and appear to have been co-opted to provide catalytic ac-
tivities required for the cellular trafficking (BANPF) or assembly
(BCP and VLEF-1) of the nucleocapsid. In particular, as mentioned
above, BANPF contains a domain homologous to the N-WASP ac-
tin nucleation promoting factor broadly distributed in eukaryotic
organisms, but this domain is uniquely fused to a nucleocapsid-
anchoring N-terminal domain homologous to BANR. The CTD of
BCP is homologous to cellular HAD phosphatases, whereas VLF-1,
involved in baculovirus genome packaging, is a member of the tyro-
sine recombinase superfamily, both ubiquitous in cellular organisms
and viruses (Fig. 4A, table S4, and data S1). Notably, the role of these
proteins is unique to baculo-like viruses because neither HAD phos-
phatases nor tyrosine recombinases have been implicated in genome
packaging or virion formation in other viruses.

Among the tegument and envelope components, only two pro-
teins showed relatively close similarity to membrane fusion proteins
widespread in eukaryotic enveloped RNA and DNA viruses. In par-
ticular, protein F has evolved from class I membrane fusion proteins
and, in our searches, was most closely related to a homolog encoded
by the human metapneumovirus (Pneumoviridae, negative-sense
RNA virus). Although protein F mediates entry of BVs for most
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Fig. 5. 3D atlas of the three core modules of baculoviruses. AlphaFold models generated for the 38 conserved proteins of the core baculovirus genome, shown as
cartoon representation and colored according to confidence as estimated by the predicted local distance difference test score (pLDDT). Regions with pLDDT scores of 70,
80, and 90 are considered as acceptable, confident, and highly confident, respectively. Models for Hub3 and BANPF are also included even if these proteins are not con-
served across all baculoviruses because they are discussed in the main text. A crystal structure of P33 is included instead of an AlphaFold model because it was available
prior to this study (PDB ID: 3POK; colored as in Fig. 6 and fig. S13). The models are available for download in data S2.
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for homology. Gradient squares indicate similarity without a clear homology relationship. (B) The VP39-fold, DJR-fold, and HK97-fold MCPs, the signatures of the Telodnaviria,
Varidnaviria (e.g., giant mimivirus and poxviruses), and Duplodnaviria (e.g., tailed bacteriophages and herpesviruses) realms, are depicted on green, yellow, and orange
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shown in the context of typical oligomers constituent of the infectious particles (viewed from the inside of the capsid). (C) Structure-based relationships between cellular
and viral sulfhydryl oxidases represented as a cluster dendrogram constructed based on the pairwise z-score comparisons calculated using DALI. (Left) Domain organiza-
tions for proteins in the four highlighted groups of sulfhydryl oxidases and representative structures (PDB IDs: 3tk0, 3gwn, 3Ili, and 3pk0) and their cartoon representation
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(D) (Top) Cartoon representations of the AlphaFold model of the putative PIF-1/PIF-2/PIF-3/PIF-4 complex (green, yellow, blue, and red, respectively). (Bottom) Surface

representation highlighting hydrophobic regions (magenta). The N-terminal a helices of the four PIFs are likely to be embedded in the viral membrane (gray box).

baculoviruses, in group I baculoviruses (AcMNPV-like viruses), it
functions as a pathogenicity factor rather than a fusogen (55). In
these viruses, the membrane fusion function of BVs is performed by
the GP64 protein, which is a homolog of the class III fusogen en-
coded by Thogoto virus (Orthomyxoviridae, negative-sense RNA
virus), consistent with previous observations (56). These results un-
derscore the frequent horizontal shuffling of the fusion protein
genes between evolutionarily unrelated viruses (57).

Last, among the virion assembly factors, only the Erv-like flavin
adenine dinucleotide (FAD)-linked sulthydryl oxidase BSOX in-
volved in disulfide bond formation has homologs in other eukary-
otic viruses, namely, in large and giant DNA viruses of the phylum
Nucleocytoviricota (realm Varidnaviria). It has been suggested that
this shared character signifies a deeper relationship between baculo-
viruses and varidnaviruses, in particular, poxviruses (16, 58). However,
in profile-profile comparisons, the match between the sulthydryl

Johnstone et al., Sci. Adv. 10, eado2631 (2024) 18 December 2024

oxidase of baculoviruses and poxviruses is limited to a 40-amino
acid-long region encompassing the active site (data S1). Sulthydryl
oxidases encoded by poxviruses, exemplified by the E10R protein of
vaccinia virus (59), fold as a single domain closely similar to that of
the cellular Erv family enzymes. By contrast, sulthydryl oxidases en-
coded by baculoviruses and other baculo-like viruses, such as nudi-
viruses, contain an inactivated Erv-like domain, WErv, in addition
to the catalytically active Erv domain (60, 61). This domain organi-
zation is reminiscent of the cellular Quiescin family sulthydryl oxi-
dases (QSOX), which, in addition to the WErv and Erv domains,
contain one or two N-terminal thioredoxin-like domains (Fig. 6C
and fig. S13). All-against-all structural comparison of the enzymes
from diverse viruses and cellular organisms showed that sulthydryl
oxidases of baculoviruses and varidnaviruses cluster with the QSOX
and Erv family enzymes, respectively, but not with one another
(Fig. 6C, fig. S14, and table S3). This analysis strongly suggests that
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sulthydryl oxidases in the two groups of viruses were acquired inde-
pendently.

Thus, none of the components of the baculovirus morphogenetic
module have orthologs in other DNA viruses, supporting an inde-
pendent provenance of baculoviruses. This finding is further sup-
ported by a similar analysis of their virulence and information
processing modules (Supplementary Text). The virulence module is
characterized by a set of per os infectivity factors (PIFs) that are dis-
pensable for the replication of BVs but essential for the oral infectiv-
ity of ODVs. PIF-0 to PIF-3 and PIF-5 are conserved in baculoviruses
and all other viruses of the diverse Naldaviricetes class. Our analysis
suggests that three of the nine PIF virulence factors, PIF-1, PIF-2, and
PIF-3, are divergent paralogs (fig. S15A), which evolved through
gene duplication, a common path for genome expansion among large
DNA viruses (62, 63). We found that a complex of these proteins and
PIF-4 can be modeled as a compact membrane-anchored spike (Fig.
6D and fig. S15, B and C). In AcMNPYV, the full complex is known to
comprise all PIF-0 to PIF-9, except for PIE-5 (64). Accordingly, mod-
eling supports a conserved interface between PIF-0 and the PIF-2/
PIF-3 dimer providing a composite model for the PIF-0 to PIF-4 sur-
face spike (fig. S15D). Although the full structure and stoichiometry
of the complex will require experimental determination, the pro-
posed model shows that the core components of the PIF spike are
conserved across Naldaviricetes (fig. S15, E and F). We did not find
significant similarity at the structural fold level between PIF compo-
nents and proteins encoded by other viruses. Notably, however, the
proposed organization of the spike on the membrane of ODVs is
reminiscent of attachment and fusion proteins, which is compatible
with the role of the PIF complex in invasion of the target host (64, 65).

Whereas the virulence module is a clear hallmark of baculo-like
viruses owing to its lack of counterpart in the virosphere, the infor-
mation module has a distinct eukaryotic flavor, with highly divergent
homologs readily identifiable in both eukaryotes and eukaryotic vi-
ruses with large DNA genomes. These proteins provide enzymatic
functions required for the viral genome replication and efficient
transcription in the late phase of the infection cycle. Although the
evolutionary origin of the replication and transcription machineries
of baculovirus is complex, as detailed in Supplementary Text, these
machineries have structurally divergent components (LEF-4, LEF-5,
LEF-8, LEF-9, and p47 for transcription; DNApol, helicase p143,
LEF-1, and LEF-2 for replication) that clearly set them apart from
those of the two other realms of large DNA viruses (Fig. 6A, table S3,
and Supplementary Text).

In conclusion, the experimental and predicted structures of bac-
ulovirus core proteins define the main hallmarks of a distinct lineage
of large rod-shaped or filamentous DNA viruses. These hallmarks do
not connect baculovirus-like viruses to known realms within the vi-
rosphere as might have been anticipated by the presence of shared
non-core genes with poxviruses and other large DNA viruses. In-
stead, most components are unique in their fold and function. Thus,
the baculovirus emerges as a representative of a new realm charac-
terized by an invasion complex of membrane-anchored PIFs, a mor-
phogenetic sulthydryl oxidase, and a helical nucleocapsid sealed by
multiprotein base and cap substructures. Given the elongated mor-
phology of infectious particles for known members of the proposed
realm, we put forward the name “Telodnaviria, derived from the
Latin word “telum” for spear.

If baculo-like viruses have not evolved from other known groups
of viruses, then how and when did they emerge? Given the hallmark

Johnstone et al., Sci. Adv. 10, eado2631 (2024) 18 December 2024

status of PIF proteins, an enveloped ODV-like virus is likely to be
ancestral. The F and GP64 spike proteins, homologous to class I and
I1I fusion proteins, respectively, would have thus been acquired sub-
sequently by horizontal transfer providing an alternate morphoge-
netic pathway based on BV-like particles. For the nucleocapsid,
given the central role of the zinc finger domain of the MCP, we hy-
pothesize that this unique capsid protein has evolved de novo in the
context of baculo-like viruses from a simple DNA-binding zinc fin-
ger protein. The initial function of the precursor protein could be
genome condensation, akin to the zinc finger nucleocapsid protein
of retroviruses. The exaptation of cellular or nonstructural viral pro-
teins for capsid formation appears to be the major route of de novo
virogenesis, with multiple independent examples traceable through-
out the history of the virosphere (66, 67). Subsequent evolution has
likely entailed further complexification of the nucleocapsid through
recruitment of additional cellular and viral proteins, in particular,
the VLF-1 recombinase, HAD phosphatase, and WASP family pro-
tein to enhance the efficiency of viral packaging and trafficking.

The conservation of the PIF complex in viruses with highly diverse
invertebrate hosts points to the emergence of baculo-like viruses con-
comitant with the radiation of arthropods during the Cambrian ex-
plosion, ~530 million years ago (Fig. 7). Because baculoviruses largely
coevolved with their hosts (68), their emergence could predate the
divergence of shrimps from insects. This timeline is roughly consis-
tent with the estimated divergence of endogenized bracoviruses from
their nudivirus ancestors ~100 million years ago (69, 70).

The apparent absence of baculo-like viruses outside of the ar-
thropod hosts is intriguing, distinguishing them from the other two
realms of large DNA viruses that infect both prokaryotes and eu-
karyotes (Fig. 7). Two features highlight a unique ability of baculo-
viruses to hijack and remodel the nucleus, which would appear to
restrict them to eukaryotic hosts: they promote the formation of
intra- and intermolecular disulfide bonds in an environment that is
reducing in noninfected cells, and they rely on remodeling of the
inner membrane of the nucleus for the envelopment of ODVs.
Whether prokaryote-infecting “telodnaviruses” are yet to be discov-
ered or this proposed realm evolved directly by co-optation of cel-
lular components of eukaryotic origin remains to be elucidated
through further exploration of virus diversity across biomes.

MATERIALS AND METHODS
Amplification and purification of ACMNPV particles
Recombinant AcMNPV (BacToBac, Invitrogen) viruses containing
the Bombyx mori cypovirus (BmCPV) polyhedrin gene, as previously
described (71), were amplified in Sf9 cells (Invitrogen) in a suspen-
sion culture containing the Insect-XPRESS cell medium (Lonza) with
100 U penicillin/ml, streptomycin (100 pg/ml), and amphotericin
(250 pg/ml) (from an antibiotic-antimycotic solution, Merck). The
appearance of the BmCPV polyhedrin cytoplasmic crystals coincid-
ed with baculovirus amplification and gene expression (71), thus was
a useful marker for following the infection. A 300-ml culture contain-
ing 10° million/ml Sf9 cells was infected with a P4 stock of baculovi-
rus using a 1:250 infection ratio. The cells were incubated until the
viability dropped below 80% and most cells contained crystals.

The suspension of infected cells was centrifuged at 1000g for
10 min at 4°C to remove the cell debris. The supernatant was further
centrifuged at 75,000g for 90 min at 4°C using an Optima L-90K
Ultracentrifuge (SW41 rotor, Beckman Coulter). The resulting pellet
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Fig. 7. Emergence of viruses from the Telodnaviria realm. Schematic representation of the evolutionary timeline of dsDNA viruses approximately aligned with their
cellular counterpart. Varidnaviruses and duplodnaviruses infect prokaryotes, protists, and animals. Some members have a lipid membrane schematized by a blue circle in
the main diagram. No extant viral relatives of the proposed Telodnaviria realm have been described yet in unicellular organisms, indicating a recent radiation in animal

hosts. LECA, last eukaryotic cellular ancestor.

was resuspended in 1 ml of a TE buffer [50 mM Tris and 0.5 mM
EDTA (pH 8.7)]. A continuous sucrose gradient (15 to 60%, w/v)
was prepared by placing 3 ml of 60% (w/v) sucrose into an ultraclear
centrifuge tube (Beckman Coulter), followed by addition of 3 ml
each of 45, 30, and 15% (w/v) sucrose into the centrifuge tube taking
care not to disrupt the prior layer. The viral solution was loaded onto
the sucrose gradient, and the gradient was centrifuged at 77,000g for
90 min at 4°C (SW32 rotor, Beckman Coulter). After centrifugation,
the virus appears in a visible band at about 2 cm from the bottom of
the centrifuge tube. The band was extracted from the gradient and
resuspended in 12 ml of the TE buffer to dilute the sucrose. The virus
was repelleted at 77,000¢ for 40 min at 4°C. The buffer was removed
and the final pellet containing the purified AcCMNPV was resuspended
in 200 pl of TE. The resuspended viruses were dialyzed in a dialysis
device (Tube-O-DIALYZER, Micro, G-Biosciences) against 200 ml
of the TE buffer at 4°C overnight to remove any remaining sucrose.
The purified virus was stored at 4°C and diluted in the TE buffer as
necessary for negative stain and cryo-EM experiments.

Tomography
A 2.5-plaliquot of Ac(MNPYV viruses was applied to a glow-discharged
R2/2 holey carbon grid (Quantifoil Micro Tools GmbH, Germany)
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and plunge frozen in liquid ethane using a Vitrobot Mark IV (Thermo
Fisher Scientific) with 1-s incubation time, blot time of 2.5 s, blot
force of —10, and drain time of 1 s. For fiducial-based alignment,
10-nm colloidal gold was mixed with the sample right before blot-
ting. A total of 37 tilt series were collected on the Titan Krios
(x81,000 magnification, 300 keV, with energy filter) from +60° in 3°
increments in a dose-symmetric scheme (72), with five frames for
each exposure (dose of 2.4 €”/A?). Each tilt image contained several
frames that were motion corrected and averaged using MotionCor2
(v.1.1.0) (73). The averaged images were then aligned in IMOD
(v.4.8.56) (74) using the gold beads or fiducials as reference points.
After alignment, the images were low-pass filtered to increase the
signal-to-noise ratio and the tomogram was reconstructed using
weighted backprojection (75) without contrast transfer function
(CTF) correction. To improve contrast, the tomograms were scaled
down in Fourier space by a factor of 2. Tomograms without intact
viral capsids or with poor alignment were removed, leaving 23 to-
mograms for subtomogram averaging. A subtomogram with clear
helical symmetry and connectivity was used to create a full helical
model by copying and fitting the average in real space with adja-
cent averages in Chimera (v.1.3) (76) and then low-pass filter-
ing the map.
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Subtomogram averaging

Coordinates for extraction of subtomograms were set by manually
selecting points at either end of each capsid to define the central
helical axis using Image] (v.1.5) (77) and establishing a cylinder of
250-A radius to approximate the capsid dimensions. Subtomogram
averaging was performed using Dynamo (v.1.1.208) (78) and Matlab
(vR2015B, The MathWorks Inc.). Boxes of 48 by 48 by 48 pixels
were extracted at five-pixel increments along the cylindrical axis,
sampling every 10° rotationally. The boxes were translated and ro-
tated into the same orientation relative to the helix and averaged
without alignment to generate an initial model for the first iteration.
A soft round mask was applied to the reconstructions to minimize
Fourier artifacts at the edges of the box. Two rounds of alignment
were performed, each round consisting of three iterations using the
same parameters (table S4). A total of 94 intact capsids and 7 empty
capsids were extracted and averaged (fig. S1).

Single-particle cryo-EM—Helical nucleocapsid

A 2.5-plaliquot of AcCMNPYV viruses was applied to a glow-discharged
R2/2 holey carbon grid (Quantifoil Micro Tools GmbH, Germany)
and plunge frozen in liquid ethane using a Vitrobot Mark IV (Ther-
mo Fisher Scientific) with zero incubation time, blot time of 2 s, blot
force of —10, and drain time of 1 s. Grids were transferred under
liquid nitrogen to a Titan Krios transmission electron microscope
(FEI/Thermo Fisher Scientific) operated at 300 keV and set for paral-
lel illumination. A total of 1847 movies were recorded using EPU 2
(FEI) on a K2 Summit direct electron detector (Gatan Inc., United
States) in super-resolution mode with energy filtering at a calibrated
magnification of X105,000 (table S1).

Helical symmetry determination

Helical symmetry determination was performed using RELION
(v.2.1) (79) and SPRING (v.0.84.1470) (80). The movies were binned
two times by Fourier cropping before motion correction and inte-
grated with MotionCor2 (v.1.1.0) (73), giving a final pixel size of
1.34 A. The CTF parameters of each image were determined using
Getf (v. 1.06) (81), and images with notable astigmatism or drift were
removed. The remaining micrographs (1794) were used for particle
picking and 3D reconstruction. Capsids were boxed manually using
the EMAN2 e2helixboxer.py program (v.2.2) (82), which were sub-
ject to extraction and 2D classification in RELION. Fourier-Bessel
indexing of the most popular 2D class in SPRING indicated a rise of
21.1 A (Bessel order of zero), similar to the 23-A rise estimated from
the subtomogram average, although the cyclic symmetry was am-
biguous from both methods, likely C13 or C14. Reconstruction tests
in RELION using different cyclic symmetries and helical parameters
confirmed a cyclic symmetry of C14 and identified that the rise and
twist were double the initial estimate (~43.2 A and —18.6°), due to
the asymmetric unit consisting of a dimer of VP39. This refined map
and associated particle coordinates were imported into cryoSPARC
(v4.1.2) (83) for further processing.

Helical reconstruction of the capsid

The movies were imported into cryoSPARC and binned two times by
Fourier cropping, yielding a final pixel size of 1.34 A, and subjected to
motion correction and CTF estimation using patch motion correction
and patch CTF estimation in cryoSPARC (v4.1.2) (fig. S2) (83). The re-
fined coordinates from RELION were imported and used to generate a
2D template for automatic filament tracing, resulting in 77,356 particles.
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Using the 3D reference and helical parameters from RELION, helical
refinement was performed in cryoSPARC. During helical refinement,
helical parameters were optimized to a rise of 43.22 A and twist of
—18.56°. Refinement of the local defocus values for each particle and
estimation of the magnification anisotropy resulted in a nominal resolu-
tion of 4.3 A. Subsequent 3D classification identified one high-resolution
class containing most particles (63,595/77,356), and refinement of this
particle set resulted in the final resolution of 4.2 A.

Focused reconstruction of the capsid

All 77,356 particles from filament tracing were used to generate sub-
particles for localized reconstruction in cryoSPARC (fig. S2). Using
symmetry expansion with a C14 symmetry and helical order of two
resulted in 2,165,594 subparticles. To ensure sufficient signal for
alignment, a soft mask was generated, which enclosed four neigh-
boring dimers of VP39 in ChimeraX (v.1.6.1) (84, 85). The subpar-
ticles were recentered to the mask center, re-extracted with a smaller
box size, and locally refined, resulting in a 4.1-A reconstruction. A
3D classification job with alignments fixed resulted in only two
high-resolution classes containing approximately half of the subpar-
ticles (1,002,951/2,165,594). Refinement after this classification step
resulted in improvement of the resolution to 3.4 A, and subsequent
refinement of per-particle defocus, magnification anisotropy, and
beam tilt for each optic group resulted in a final resolution of 3.1 A.
Although C2 symmetry was present due to the VP39 dimerization,
application of this symmetry did not improve the resolution of the
capsid density and disrupted the density assigned to the genome.

Single-particle cryo-EM—Base and cap

A 4-pl aliquot of purified AcMNPV viruses, dialyzed into 10 mM
Hepes and 0.5 M potassium chloride (pH 7.4), was applied to a
glow-discharged R2/2 holey carbon grid (Quantifoil Micro Tools
GmbH, Germany) and plunge frozen in liquid ethane using a Vitro-
bot Mark IV (Thermo Fisher Scientific) with a blot time of 2 s, blot
force of —10, and drain time of 1 s. Grids were transferred under
liquid nitrogen to a Titan Krios transmission electron microscope
(FEI/Thermo Fisher Scientific) operated at 300 keV and set for par-
allel illumination. A total of 11,439 movies were recorded using
EPU 2 (FEI) on a K3 Summit direct electron detector (Gatan Inc.,
United States) with energy filtering at a calibrated magnification of
X64,000 and a defocus range of 0.8 to 1.4 pm (table S2).

Reconstruction of the base and cap

The movies were imported into cryoSPARC and subjected to motion
correction and CTF estimation using patch motion correction and
patch CTF estimation in cryoSPARC (v4.1.2) (83). Poor images were
removed, yielding 10,628 micrographs for downstream particle pick-
ing and 3D reconstruction. Particles were picked and extracted using
Topaz (86) using a Topaz model trained from manually picked par-
ticles from 700 micrographs. Particles were subject to 2D classifica-
tion and split into base and cap groupings for downstream processing
(fig. S3).

For reconstruction of the base, 14,305 particles were used for ab ini-
tio modeling and the model refined using homogeneous refinement
with C14 symmetry in cryoSPARC. To focus on the base components,
particles were recentered and subject to signal subtraction using a mask
created using the segmentation tool Segger (87) in UCSF Chimera
v1.16 (76) to remove the signal from additional layers of the capsid
body. Subtracted particles were refined using nonuniform refinement
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in cryoSPARC (88) and subject to heterogeneous refinement with two
classes. The main class (9379 particles) was subject to CTF refinement
before a further nonuniform refinement, followed by 3D classification
without alignment to remove the small number of junk particles and
remaining particles (9254) used for a final round of nonuniform refine-
ment to yield a reconstruction at 5.0-A resolution [Fourier Shell Cor-
relaction (FSC) = 0.143].

To improve the resolution of the base, we also performed local
refinement on a region containing three asymmetric units. The par-
ticle stack was symmetry expanded using C14 symmetry to yield
129,556 particles. Particles were recentered on the trimer and ex-
tracted with a smaller box, before density subtraction of the signal
outside of the trimer mask and local refinement. Particles were sub-
ject to 3D classification with six classes, yielding two major classes
(55,047 and 57,203 particles) that differ in the orientation of the
plug and were split for further processing. Each class was subject to
further focused refinement, CTF refinement, and 3D classification
to remove any remaining poor particles, yielding two reconstruc-
tions at 4.8- and 4.7-A resolution (FSC = 0.143).

For reconstruction of the Cap, 11,509 particles were used for ab
initio modeling and the model refined using homogeneous refine-
ment with C14 symmetry in cryoSPARC. Particles were subject to
signal subtraction as per the base to remove the signal from addi-
tional layers of the capsid body. Subtracted particles were refined
using nonuniform refinement in cryoSPARC (88) and subject to 3D
classification without alignment to remove the small number of
poor particles and remaining particles (10,905) used for heteroge-
neous refinement with three classes. Two classes (8557 particles)
were kept for further nonuniform refinement with anisotropic mag-
nification refinement to yield a reconstruction at 6.3-A resolution
(FSC = 0.143).

To improve resolution of the cap, we also performed local refine-
ment on a region containing three asymmetric units. The particle
stack was symmetry expanded using C14 symmetry to yield 119,798
particles. Particles were recentered on the trimer and extracted with a
smaller box, before density subtraction of the signal outside of the
trimer mask and local refinement. Particles were subject to 3D clas-
sification with six classes, yielding one major classes (53,750 particles)
that was subject to further CTF refinement and focused refinement to
yield a reconstruction at 5.0-A resolution (FSC = 0.143).

DNA packing calculations

To formally compare the packing densities of HSV1 and AcMNPYV,
we first used the formula x7*h, where r and h are the inner radius
(21.5 nm) and height (311 nm) of the capsid, to calculate the inner
volume of the ACMNPV capsid (Vegpsia) to be ~451,600 nm?. The
packing density (ppacl) can then be calculated using a previously de-
rived formula, ppack = 0.34 T Npp/ Veapsia (89), where Ny, denotes the
number of base pairs. The calculated pp,ck for ACMNPV was found
to be ~0.32 bp/nm”, which is comparable to the packing density of
0.36 bp/ nm’ calculated for HSV1 (90).

Modeling

Tube

A model of MCP/VP39, generated using AlphaFold2 (see below),
was processed in PHENIX (v.1.20.1) (91) and rigid body docked
into the map using ChimeraX (v1.5) (84, 85). Modeling was per-
formed in Coot (v.0.9.8.6) (92) and refined in real space with the
phenix.real_space_refine program (91). The model comprises four
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copies of the VP39 dimer residues Val'® to Asn®®, lacking loop

Asp” to Ser®, except for subunits where this loop sits in the middle
of tetramer assembly and could be fully built (fig. S6). The last 30
residues are glycine/proline-rich and not visible in the reconstruc-
tion. This sequence is predicted to form a disordered extension ex-
tending outward from the nucleocapsid and is absent in many
baculoviruses. The geometry and quality of the models were evalu-
ated using a combination of MolProbity (93) and PHENIX.

Base

Components present in the base (Hub1/C42, Hub2/EC27, Hub3/
VP80, HSP1/Ac109, HSP2/Ac142, and BCP/38K) were identified by
manual comparison of the density map and AlphaFold2 models of
candidate proteins predicted to be present. Models were rigid body
docked in ChimeraX into the focused reconstruction of the base
and subject to manual rebuilding in Coot (92) and ISOLDE (94)
before refinement in PHENIX.

Structure prediction and analysis

A structural atlas of models for all predicted structural proteins and
core gene products was generated using the Google ColabFold note-
book (95) implementation of AlphaFold2 (fig. S12) (24). To model
the nudivirus MCP, a multiple sequence alignment derived from
PSI-BLAST was provided and the baculovirus MCP structure was
used as a template.

For model building, secondary structure elements were placed in
the cryo-EM reconstructions of the base using Coot (92). The most
likely components of our structural atlas were iteratively superim-
posed with these partial models by secondary structure matching,
rigid body fitted, and manually rebuilt in the electron density map.
All components were placed with unambiguous assignment given
the quality of the fit with the experimental electron density map
throughout most of the protein chains (fig. S15). The models were
visualized with PyMOL and ChimeraX, interfaces analyzed with the
PDBePISA server (96) and conserved surfaces identified with the
Consurf server using default parameters (97).
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