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Intracellular Ebola Virus nucleocapsid assembly revealed by in situ cryo-electron tomography.
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Abstract

Filoviruses, including Ebola and Marburg viruses, are a family of highly lethal viruses that cause
severe hemorrhagic fever in humans with near annual outbreaks. Antiviral options are limited, and
broad-spectrum antivirals are needed. The core of the filamentous virion is formed by the
nucleocapsid, a helical structure in which the polymerized nucleoprotein (NP) assembles on the
RNA genome and is surrounded by viral proteins VP24 and VP35'2. The mechanism by which
these proteins assemble to form nucleocapsids inside infected cells is unclear, and the identity of
the outer half of nucleocapsid density remains unassigned. Using cryo-electron tomography, we
revealed the assembly process of Ebola virus in both cells transfected with the viral proteins and
cells infected with a biologically contained model Ebola virus. We obtained a fully assembled
intracellular nucleocapsid-like structure at 9 A that allows assignment of previously unassigned
densities and presents the first complete model of the intracellular Ebola nucleocapsid. Our model
reveals a previously unknown, third layer of additional copies of NP in complex with VP35. In
this outer layer, the N-terminal domain of VP35 maintains NP in a monomeric form, and the rest
of VP35 appears to participate in an intra-rung nucleocapsid interaction. The C-terminal region of
NP lies outside this third outer layer, allowing localization and recruitment of additional viral
proteins and connection of the nucleocapsid to the matrix beneath the virus envelope. Comparison
of this in-cell nucleocapsid to previous in-virion structures reveals that the nucleocapsid helix
condenses upon incorporation into the virion. Molecular interfaces responsible for nucleocapsid
assembly are conserved among filoviruses, offering potential target sites for broadly effective
antivirals. The architecture and assembly dynamics of Ebola virus nucleocapsids revealed here
uncover a unique filovirus nucleocapsid assembly and a condensation mechanism that protect viral
genome integrity in the virion.

Main text

Filoviruses, including Ebola and Marburg viruses, are a family of highly lethal viruses that cause
severe hemorrhagic fever in humans’. Filoviruses are in the order Mononegavirales, which
includes multiple pathogenic human viruses such as rabies, measles, and respiratory syncytial
viruses. Mononegavirales are enveloped viruses with a non-segmented, single-stranded negative-
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sense RNA genome that is encapsulated by nucleoprotein (NP) to form a helical nucleocapsid. In
filoviruses, two other viral proteins, VP35 and VP24, are also required to form the nucleocapsid
43, Binding of VP35 to nascent NP is thought to prevent oligomerization of NP before binding to
the viral RNA genome®!°, VP35 also functions as an essential virus RNA polymerase cofactor,
linking the viral polymerase with the genome-NP template!!"!3. VP24 is unique to the filovirus
family. In addition to its critical role in nucleocapsid formation, VP24 regulates viral transcription
and replication'* and intracellular transport of the nucleocapsid '°. Importantly, VP35 and VP24
also suppress host immune signaling, influencing viral replication and pathogenicity 62!, Prior
work revealed nucleocapsid-like structures in budded viruses or virus-like-particles 2. In these
structures, a repeating unit of the nucleocapsid consists of two adjacent copies of core NP
molecules that polymerizes along the viral genome, plus two VP24 molecules?. The N-terminal
half of NP was visible, but the location and structure of both the C-terminal half of NP and the
essential VP35 protein remained unknown. It was also unknown why in the pair of VP24
molecules, every other copy was positioned in the opposite orientation. Further, until recently, it
was impossible to reveal protein structures directly inside cells. Therefore, we had no structural
insights into how Ebola virus replicates and nucleocapsids assemble in infected cells prior to
budding and release.

Intracellular Ebola virus nucleocapsid assembly and structures

To elucidate the nucleocapsid assembly process, we first used HEK293T cells transfected with
complete EBOV NP or NP lacking C-terminal amino acids 601-739 (NPA601-739), in
combination with VP24 and VP35 (Extended Data Fig. 1a). NPA601-739 was selected for analysis
as it is the shortest NP known to form a fully assembled nucleocapsid 2. We expected that
comparing two nucleocapsid structures with full-length or C-terminal truncated NP would help
identify the previously unassigned C-terminal domain of NP 2 in the intracellular nucleocapsid
structure. During viral replication in the cell cytoplasm, nucleocapsid assembly exclusively occurs
inside viral replication factories, also known as viral inclusion bodies 23, These structures
exclude most host cellular organelles, and have heterogeneous size and morphology (Extended
Data Fig. 1h, 1). Imnmunofluorescence microscopy confirms that all transfected proteins (NP, VP35,
and VP24) co-localize into these replication factories (Extended Data Fig. 1b-g). Resin-embedded,
ultra-thin section, transmission electron microscopy shows that in the presence of VP24 and VP35,
both NP and NPA601-739 efficiently form bundles of electron-dense, assembled, intracellular
nucleocapsid-like structures inside the replication factories (Extended Data Fig. 1h, i).

To gain structural insight into the nucleocapsid assembly process, we investigated the
transfected cells using cryo-electron tomography coupled with focused ion beam milling?. We
identified three distinct intracellular nucleocapsid precursors: loosely coiled NP polymers,
regionally condensed NP polymers, and fully assembled nucleocapsid-like structures (Extended
Data Fig. 2a-g). We determined nucleocapsid coordinates by cylinder correlation, and performed
the first subtomogram averaging to resolve their overall structures (Extended Data Fig. 3, 4). We
found that all intracellular nucleocapsid-like structures (whether from complete NP or C-
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terminally truncated NP) form a left-handed helix with a diameter of 52 nm and nearly identical
helical parameters (Fig. 1a, 2a).

To obtain higher resolution structures of individual repeating units that form these helical
structures, we performed further subtomogram analysis by re-extracting subtomograms, and
centering their repeating units based on the helical parameters (Extended Data Fig. 3, 4). We
performed 3D classification and 3D refinement without applying any helical symmetry,
considering the highly heterogeneous nature of filovirus nucleocapsid structures in virions!22°
(Extended Data Fig. 3, 4). We obtained 9 A and 18 A resolution maps of intracellular nucleocapsid
structures in cells expressing C-terminally truncated NPA601-739 and full-length NP, respectively
(Fig. 1b-d,k, 2b,c, Extended Data Fig. 3, 4). These structures have overall similarity to previous
nucleocapsid structures observed in viral-like-particles and Ebola virions? (Fig. 3). Our 9 A map
shows the highest local resolution in the central repeating unit (Fig.1k). By combining this map
with pre-existing high-resolution structures, we could build an atomic model of the intracellular
nucleocapsid structure (Fig. 1e-h, Extended Data Fig. 5).

Within a single repeating unit (colored in Fig. 1b-d), we assigned two NP core domains
(NPer#1 in blue, NP*°"*#2 in cyan) and two VP24 molecules (VP24 #1in purple, VP24 #2 in pink).
Together this pair of RNA-bound NPs and their antiparallel VP24s (one up and one down) form
the same repeating unit as observed using budded virus or virus-like-particles® (Fig. 1e-h).

Based on the outer layers of our map (Fig. 1k) that had higher local resolution than previous
structures? (Extended data Fig. 5a see EM map resolution), we could, for the first time, interpret
previously unassigned outer density of the nucleocapsid. We observed and definitively assigned
the position of a third copy of NP on the outer layer in a region beyond the previously visualized
central NP-RNA helix (Fig. 1e-h). This newly-assigned NP (NP"#3 in green) is not bound to the
viral genome, but instead localizes to the outer layer attached to VP24#2 (previously identified as
inverted relative to VP24#1, but not known why; Fig. 1e-h). Serial docking of the newly assigned
outer NP density with pre-existing x-ray/cryoEM structures showed the best in-map density
correlation with a crystal structure of NP in complex with the N-terminal NP-binding peptide of
VP35!9 This NP-binding peptide of VP35 holds NP in a monomeric state'®?’ and is
unambiguously recognizable in our EM map (Fig. 1i,j). This interaction of VP35 with nascent NP
is thought to prevent oligomerization of NP and is a mechanism that is widely conserved among
Mononegavirales®1°.

We also assigned density in the outer layer of the nucleocapsid for the C-terminal domain
of VP35 (VP35¢™P, amino acids 215-340, orange in Fig. le-h). Based on this VP35¢P Jocation,
we could fit the crystal structure of VP35 amino acids 81-340, the longest VP35 structure
experimentally modeled'*?. In the nucleocapsid visualized here, the central oligomerization
domain of VP35 (aa 80-145) points toward NP"#3 of the adjacent repeating unit (Fig. 11-n).
Although we could not clearly visualize density associated with the VP35 oligomerization domain
in our map!3?8, in part due to its higher flexibility relative to its C-terminal domain, the directional
angle of this domain toward the adjacent NP*°"*#3 further supports the model in which an outer
layer of NP is complexed with VP35 (Fig. 11-n). This bridge-like conformation of the extended
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VP35 molecule suggests that the outer NP<"#3 takes part in an intra-rung nucleocapsid interaction
via interaction with VP35. Our finding is consistent with the fact that VP35 is specifically required
to form the layer of nucleocapsid outside the core NPNTP-RNA helix 4, and the first example
among Mononegavirales of a nucleoprotein that also functions in a monomeric form in the
nucleocapsid.

In virus assembly, NP binds to the matrix protein VP40 and drives incorporation of the
nucleocapsid into the virion 2*2°, However, the NP-RNA central helix is surrounded by a thick
VP24 layer that is estimated to be around 7 nm wide (Fig 1c-h). This thick VP24 layer could hinder
direct interaction of NP, contained in the central NP-RNA helix, with matrix proteins outside.
VP24 is known to play a role in host immune evasion '®1*3! and thus carrying sufficient copies of
VP24 as part of the payload of the entering nucleocapsid could benefit the virus by limiting host
immune responses from the earliest time points after infection. Incorporating an additional,
monomeric form of NP in the outermost layer of the nucleocapsid could sterically facilitate the
needed NP-VP40 matrix interactions despite the VP24 coating layer.

C-terminal regions of NP are located between intracellular nucleocapsids.

We found that our two in-cell nucleocapsid-like structures, one for full-length NP and the other
for C-terminally truncated NPA601-739, are essentially identical, except in resolution (9 A vs. 18
A; Fig. 1a,b vs Fig. 2a,b and Extended data Fig. 3j.k and 4j,k). Our 9 A atomic model for C-
terminally truncated NP fits well into the 18 A map of the intracellular nucleocapsid-like structure
with full-length NP (Fig. 2d-f), and we used this fitting to locate the NP C-terminal domain. The
first hint of its location came from observing how intracellular nucleocapsids are aligned and
bundled within virus replication factories in cells. The intracellular nucleocapsid for full-length
NP has greater inter-nucleocapsid spatial separation between parallel nucleocapsids than do
bundled nucleocapsids formed by NPA601-739 (Fig. 2g,h,j,k): 14 nm for full-length NP vs. 2 nm
for NPA601-739. These values are based on center-to-center distances of coordinates obtained
from filament tracing (Fig. 2i,1). Considering the location of the C-terminal end of NP®™#3 on
outer layer of the nucleocapsid and the critical role of NP CTD for interactions with matrix
proteins*-*°, we propose that the NP CTD, together with the rest of the intrinsically disordered
domain of NP (aa 601-644) occupies the space between the nucleocapsid and the nucleocapsid-
matrix in the virion (Fig. 2f). This gap is consistently 7 nm wide on either side of the 52 nm-wide
nucleocapsid (Fig. 2f,g, and 4k).

Ebola virus nucleocapsids are further tightened upon incorporation into virions.

In previous studies of in-virion Ebola virus nucleocapsids, outer density was present but could not
be assigned (Fig. 3a,b,d,e)?. Docking of our in-cell nucleocapsid atomic model into density of the
prior in-virion nucleocapsid in virus-like particles (EMDB:3871)? and flexible refinement yielded
a more complete model of the Ebola nucleocapsid in virions (Fig 3¢, Extended Data Fig. 5). We
also evaluated the inverse process wherein we docked our in-virion nucleocapsid model into the
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density of the in-virion Ebola virus nucleocapsid (Fig 3f). In virions, density for the VP35 CTD is
very weak, suggesting that this position is rarely fully or stably occupied in the virus?.

Although the single repeating units are almost identical between in-cell and in-virion
structures (RMSD 1.07 A estimated with backbone C-alpha trace; Fig. 3g), the inter-rung and
intra-rung associations differ between in-cell and in-virion models (Fig. 3h-n) and EM maps
(Extended Data Fig. 6a-j). The helical pitches of intracellular nucleocapsids obtained here (85 A
and 87 A for full-length NP and A601-739NP, respectively) are consistently larger than those
previously reported for in-virion nucleocapsids® (75 A and 74 A for budded virus-like particles
and budded authentic Ebola virus, respectively). We also revealed a longer inter-rung gap for in-
cell nucleocapsids compared to in-virion nucleocapsids, which is consistent with the different
pitches (Fig. 3k,] Extended Data Fig. 6g-j, red and cyan triangles). The final budded nucleocapsids
in the virions are thus more condensed than their intracellular pre-budded nucleocapsid
counterparts. Interestingly, in our 3D classification of intracellular nucleocapsids, some regions
exhibit shorter inter-rung distances even within the same particles. These regions that have
narrower inter-rung distances lack the outer NP-VP35 complex (Extended Data Fig. 7, class 1, 6,
and 7 highlighted in red arrowhead). Together, these findings suggest that the outer NP-VP35
complex bridges interactions between adjacent repeating units and may determine some optimal
distance. Upon incorporation into virus particles, the nucleocapsid vertically condenses [Fig. 4k
(ii1) to (iv)]. This condensation protects RNA genome integrity through tight NP-inter-rung
associations mediated by electrostatic interactions®*2. The interaction of the outer NP C-terminal
domain with matrix protein on the viral envelope likely triggers this further nucleocapsid
condensation.

EBOV-GFP-AVP30-infected cells illuminate the nucleocapsid assembly process in the
context of viral infection.

Next, we visualized the nucleocapsid assembly process in the context of viral infection, rather than
in transfected cells. To operate outside BSL-4 containment, we used a biologically contained
model Ebola virus, EBOV-GFP-AVP30 (Fig. 4, Extended Data Fig. 8). In this model, the gene
encoding VP30, which is essential for viral transcription, is replaced in the viral genome by a gene
encoding green fluorescence protein (GFP). EBOV-GFP-AVP30 virions can enter cells, but can
not replicate unless VP30 is supplied in trans**. The GFP reporter indicates the presence of viral
replication activity in infected cells (Extended Data Fig. 8a,b). In EBOV-GFP-AVP30-infected
cells, similar to authentic virus infection, NP is assembled on the viral RNA genome in the
presence of all viral proteins, which, except for VP30, are all expressed under intrinsic control
from the viral genome 3. VP30 is expressed by an exogenous promoter in the stable cell lines 3.
In this system, both virus and infected cells are operable outside a BSL-4 environment 34,

Using cryo-electron tomography coupled with cryo-fluorescence microscopy and focused-
ion beam milling of plunge-frozen EBOV-GFP-AVP30-infected cells, we observed intracellular
virus replication 24 hours post-infection (Fig. 4 a-e and Extended data Fig. 8c-e). The morphology
of virus replication factories in these infected cells is similar to that observed in cells transfected
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with NP, VP24, and VP35 (Extended data Fig 2a). Most host cytoplasmic organelles, such as
mitochondria, membrane structures, and cytoskeleton, are excluded from the virus replication
factory (Fig. 4 a,b, Extended Data Fig. 8d), which is filled with loosely coiled NP-RNA complexes
and fully assembled nucleocapsid structures (Fig. 4c, d). One difference between nucleocapsid
structures from transfected and infected cells is that in the transfected cells, we also observe
regionally condensed nucleocapsid structures (Extended data Fig. 2c, d) whereas in virus-infected
cells, only loose or fully condensed structures, rather than regionally condensed intermediates, are
visible. In viral infection, NP binds VP30, preferentially associates with the viral RNA genome,
and recruits RNA-dependent RNA polymerase L through interaction with VP35, to facilitate RNA
genome replication and viral mRNA transcription®>. We suspect that all these activities prevent
the spontaneous regional condensation of NP seen in transfected cells (Extended data Fig. 2c, d).
In virus-infected cells, recruitment and physical binding of VP24, VP35, and outer NP are required
to condense the NP helix and this condensation is required to shift the transcriptionally active,
more open nucleocapsid into its inactive condensed structure before incorporation into virion [Fig.
4k (i) to (ii)].

In several tomograms of intracellular nucleocapsids in infected cells, we saw additional
visible density protruding from the nucleocapsid (Fig. 4e, highlighted with blue arrowheads).
These protrusions likely correspond to the C-terminal regions of NP (601-739) that protrude from
the well-resolved nucleocapsid (Fig. 2f) to associate with other viral proteins like VP30,
polymerase L, and VP40 [Fig. 4k (iii)]. Immunofluorescence microscopy of VP30 and VP40
localized in viral replication factories supports this possibility (Extended data Fig. 8f, g). Based on
our atomic model of the in-cell nucleocapsid combined with the recently revealed structure of the
Ebola virus polymerase L-VP35 complex 3-8, we speculate that polymerase L is localized on the
external side of the nucleocapsid, where it is recruited by interaction with VP35 complexed with
the outer NP"*#3 (Fig. 4j). Interestingly, in the Ebola virus nucleocapsid, the density of the VP35
C-terminal domain is not fully occupied (Fig. 3d-f). We speculate that the association between
polymerase L and VP35 destabilizes the VP24-VP35 interaction (VP24#1 and VP35™P shown in
Fig. 3c) freeing the polymerase L-VP35 complex to swing out from the nucleocapsid, thus
resulting in low occupancy of VP35¢TP in the virion (Fig. 3d-f). Further, the polymerase L-VP35
complex associates with nucleocapsid via the outer NP for incorporation of the polymerase
complex into the virion payload.

We also visualized assembled EBOV-GFP-AVP30 virions emerging from the infected cell,
by imaging the cell periphery of frozen-hydrated EBOV-GFP-AVP30-infected cells using cryo-
electron-tomography combined with cryo-fluorescence microscopy (Fig. 4f-1, Extended data Fig.
8h,1). In these emerging virions, the viral nucleocapsid lies at the center of the filamentous virion,
surrounded by VP40 matrix proteins (Fig. 4f-h). The existence of some hypothetical flexible
linker-like structure, of unknown identity, connecting the nucleocapsid to the matrix has been
proposed to help position the nucleocapsid in the center of the virion and to minimize nucleocapsid
breakage when the long filamentous viruses bend *¢. The in-virion nucleocapsid in EBOV-GFP-
AVP30 viruses is also surrounded by structures similar to that of the intracellular nucleocapsid.
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Such structures of the budded nucleocapsids are particularly visible in particles that have lost the
surrounding membrane envelope (Fig. 41). These observations support the idea that in infected
cells, the NP C-terminal region (aa 601-739) recruits other viral proteins to the nucleocapsids and
functions as a flexible linker between the nucleocapsid and matrix proteins in the virion [Fig. 4k
(iv)] to protect viral genome integrity. In the tomographic slice shown in Fig. 4f, the matrix-to-
matrix distance in virion is roughly 66 nm, which matches well with the predicated 66 nm width
of the entire nucleocapsid including the NP C-terminal domain [Fig. 2f and Fig. 4k (iv)].

Conserved inter-molecular interfaces in filovirus nucleocapsid assembly

Our atomic model of an intracellular nucleocapsid revealed at least six interfaces within the
repeating unit, plus two additional interfaces that form inter-rung or intra-rung surfaces between
adjacent repeating units (Fig. 5, Extended Data Tablel). At the current 9 A resolution of our EM
map, we can identify protein regions, but not the individual contact amino acids involved in each
interface. Each of these interfaces is described in the order protein A-protein B in which protein A
is toward the nucleocapsid interior, while protein B is toward the nucleocapsid exterior.

The following features characterize the different interfaces: (i) The interface between NP#1
and NP#2 localized in the central NP-RNA helix, is mediated by insertion of the N-terminal helix
(aa 20-37, red) of NP#1 into the pockets of the adjacent NP#2 that are formed by aa 247-258 and
281-296 [yellow; (Fig. 5a)]. This interface is identical to that observed in assembled recombinant
NP N-terminal domain (1-450) and in nucleocapsids of budded virions 232; (ii) The interface
between VP35N-mBP and NPeo of NP#3, on the outer layer of the nucleocapsid, is mediated by
an interaction between the N-terminal NP-binding peptide of VP35 (NP interaction site is aa 27-
45 of VP35 in blue, bracketed by aa 21-26 and 46-50 of VP35 in orange) with the C-terminal lobe
of the NP core (aa 245-254 plus 274-291 of NP, yellow; Fig. 5b) and is identical to that seen in
crystal structures!®?’. Superimposing NP#2 and NP#3 demonstrates that the N-terminal helix of
NP#1 and the N-terminal NP-binding peptide of VP35 both insert into the same NP pocket, NP#1
into this pocket of NP#2, and VP35N-mBP into this pocket of NP#3, indicating a single NP can
bind only one of these potential nucleocapsid binding partners at a time. We also note that
arrangements of several a helices in the C-lobe differ between NP#2 and NP#3 (Fig. 5¢). We
conclude that the different layers of NP assembled in the nucleocapsid are tuned to perform two
distinct functions. One function, achieved by NP#1 and NP#2 together on the inside, is to
polymerize and bind RNA to form the central NP-RNA helix and protect the viral genome. The
other function involves NP#3 on the outside, interacting in a monomeric form with matrix proteins,
to drive nucleocapsid incorporation into the virion; (iii) The interface of NP#1-VP24#1 is mainly
mediated by two loops of the NP (aa 60-65 and 189-196, yellow; Fig. 5d) and two loops of VP24
(aa 108-112 and 143-153, red; Fig. 5d). (iv) Interestingly, roughly the same interfaces are used by
the interaction of VP24#2 (aa 109-113, 143-149, red) with the outer NP#3 (aa 61-66, 194-206,
yellow). Superimposing NP#1-VP24#1 and VP24#2-NP#3 shows an almost perfect match
between the VP24 and N-lobe of NP, demonstrating that the same VP24 and NP interaction occurs
at two different locations within the repeating unit, one facing inward and the other facing outward
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in the nucleocapsid (Fig. 5f). (v) In the interface between NP#2 and VP24#2, a VP24 loop that
includes aa 53-68 (red; Fig. 5g) interacts with two NP loops (aa 61-64, 189-198; yellow Fig. 5g).
Superimposing the NP#1-VP24#1 and NP#2-VP24#2 complexes reveals that nearly identical NP
surfaces are involved in interactions, but the two bound VP24 are in opposite orientations (Fig.
5h). (vi) The interface of VP24#1-VP35¢TP is mediated by loops from VP24 (aa 170-175, red; Fig.
5i) and VP35 (aa 330-334, blue; Fig. 5i). Superimposing NP#2-VP24#2 and VP24#1-VP35¢TP
complexes reveals that VP35 and NP bind to the same side of VP24: the binding of VP35¢TP to
VP24#1 overlaps with the binding of NP#2 to VP24#2 (Fig. 5j). The overlap of binding suggests
that binding of VP35%™P to VP24#1 prevents a second NP from binding this VP24#1. (vii) The
interface between VP24#1 with an NP#3 on the next rung down (yellow box, Fig. 5k) mediates
the inter-rung interactions that build the intracellular nucleocapsid. This inter-rung interaction is
mediated by a VP24 helix (aa 67-74, red) and an NP loop (aa 181-184, yellow; Fig. 51). Alanine
substitution of aa 73-77 of VP24 abrogates NP binding in co-immunoprecipitation experiments
performed in the absence of VP35!4, providing biochemical evidence for this newly visualized
VP24#1-inter-rung NP#3 interface (interface vii).

We find that inter-rung distances differ significantly between in-cell and in-virion
nucleocapsids (Fig. 3h-1, Extended Data Fig. 6), with in-cell nucleocapsids being more open, and
in-virion nucleocapsids being more condensed. A side-to-side comparison of the corresponding
regions reveals that the inter-rung interface (vii) in-cell nucleocapsid (Fig. 3m, yellow arrowhead)
is not present in the in-virion nucleocapsid. Further, the potential inter-rung interface identified in
the in-virion nucleocapsid between VP24#1 and NP#3 on the next rung down is shifted upward
(Fig. 3n red arrowhead). At the resolution of the map around this area of the in-virion nucleocapsid
(EMDB-3871), we cannot define the presence or identity of potential inter-rung interactions in the
virion.

(viii) The final interface is a hypothetical interface between NP#3 and VP35 that is
predicted by fitting the VP35 crystal structure (aa 80-340) into the clear density corresponding to
residues 221-340 of VP35¢™P (Fig. 1k-m, Fig. 5k,m highlighted by a red box). In addition to the
known NP-binding peptide of VP35 that interacts with the second lobe of the NP core (c-lobe), as
visualized in the interface (ii) (VP35 aa 27-45 blue; Fig. 5b) and crystal structures'®, the
oligomerization domain of VP35 (aa 81-112) likely interacts with NP as well (Fig. 5m). This
possibility is supported by the finding that in biochemical assays, VP35 (aa 80-120) contains an
NP binding site that is independent of the NP binding by the VP35 N terminus (aa 1-80) '°,
Together with interface (ii), we speculate that interface (viii) functions to maintain intra-rung
interactions of the outer nucleocapsid structure. Notably, to our knowledge, all NP interfaces that
interact with VP24 are in the structurally stable, first, N-terminal lobe of the NP core (aa 15-240).
In contrast, VP35-interacting sites are located in the rest of NP (aa 240-600), as observed here and
identified in biochemical studies!*37-*8, Although we did not model the intrinsically disordered C-
terminal region of NP (aa 405-600), due to its flexibility and current resolution of our EM map,
this region of NP (aa 451-600) is critical for nucleocapsid formation in the presence of VP24 and
VP3522. A higher-resolution map will be needed to understand details of these interaction sites.
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We found that the regions comprising the seven visualized interfaces (i to vii) are well-
conserved among six different filoviruses (Extended data Fig. 9). The interface viii was not
included in this analysis since we currently cannot determine precise interacting regions. After
sequence alignment with T-Coffee, we calculated the average conservation score of these interface
3941 and compared the regions to scores for the full-length
proteins (Extended Data Table 1). All three metrics indicated that the conservation scores for all
the interface regions are substantially higher than the average score for the full-length proteins,
suggesting that nucleocapsid assembly architecture and the interfaces are likely conserved across
different filoviruses (Extended Data Fig. 10). The architecture and assembly dynamics of EBOV
nucleocapsids revealed here uncover the unique, but well-conserved nature of filovirus
nucleocapsid assembly and pave the way to develop broadly applicable antivirals.

In summary, the intracellular nucleocapsid structures presented here reveal a previously
unknown third layer of the nucleocapsid, which includes NP maintained in a monomeric, genome-
free state by VP35, as well as the likely location of the NP C-terminal domain, deduced by
visualization of how nucleocapsids bundle in transfected cells and how the single nucleocapsid
lies in the virion. Our intracellular structures also reveal the distinct intermolecular interactions
between the separate copies of NP and VP24 and that the distinct copies of the NP molecule play
different roles in the assembly. Further, the study reveals structural differences between in-virion
and in-cell nucleocapsids, with a more open structure in-cell, and additional inter-rung interactions
only visible in-cell, revealing how the viral nucleocapsid condenses vertically as the nucleocapsid
matures and transits from the replication factory to its final budded virion. The conserved

regions using three different metrics

interfaces revealed in the nucleocapsid assembly provide new directions for antiviral development,
and new template for basic research exploration of viral function.
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Fig. 1: Structure of intracellular Ebola NPA601-739-VP24-VP35 nucleocapsid.
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Fig. 1: Structure of intracellular Ebola NPA601-739-VP24-VP35 nucleocapsid.

a, The initial map of intracellular Ebola NPA601-739-VP24-VP35 nucleocapsid (pink) shows a
left-handed helix with helical parameters as indicated. The repeating unit is marked with a white
outline. b-d, Intracellular NPA601-739-VP24-VP35 nucleocapsid subunit densities. The two
central NP core domains (NP"#1, NP<"#2) are in blue and cyan. Two copies of VP24 (VP24#1,
VP24#2) are in purple and pink. The C-terminal domain of VP35 (VP35%™P) is in orange and the
third NP core (NP"#3) is in green. Continuous red density at the interior core of the NP copies
corresponds to RNA (Also shown in Extended Data Fig. 5b). e-h, Molecular models fitted into
EM densities. Colors are as in b-d. i and j, Crystal structure of NP complexed with the VP35 N-
terminal NP-binding peptide (green and orange; PDB:4ZTG)!? and the NP core model built into
the in-virion nucleocapsid (blue; PDB:6EHL)? each fitted into the outermost density indicated by
the dotted line in f. The specific density corresponding to the VP35 N-terminal binding peptide
from 4ZTG (orange), is visible in the densities. Within NP model (6EHL in blue) , N-terminal
helix (aa 16-37) involved in NP"-polymerization, region including the part of penultimate helix
(aa 359-366) and clamp helix (aa 370-405) involved in RNA clamping?, clearly locate outside of
density. k, Local resolution map showing the highest resolution in the central repeating unit. I-n,
Molecular models of VP35 (aa 81-340)(PDB:7YER)" fitted into the VP35¢TP density. Scale bars
indicate 10 nm (a), 5 nm (b-d), 2 nm (f, h, i, j, I-n)
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Fig. 2: Structure of intracellular Ebola NP-VP24-VP35 from full-length NP.
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Fig. 2: Structure of intracellular Ebola NP-VP24-VP3S5 from full-length NP.

a, Initial map of the intracellular Ebola virus nucleocapsid made from full-length NP-VP24-VP35
showing a left-handed helix with helical parameters as indicated. The repeating unit is marked
with a white outline. b-¢, Intracellular full-length NP-VP24-VP35 nucleocapsid subunit densities.
The two central NP core domains (NP™#1, NP¢"#2) are in blue and cyan. Two VP24 molecules
(VP24#1, VP24#2) are in purple and pink. The C-terminal domain of VP35 (VP35¢™) is in orange
and the third NP core (NP°"#3) is in green. d-f, Molecular models fitted into the EM densities
and the hypothetical position of NP aa 601-739 based on the measured distance between
intracellular nucleocapsids. The crystal structure of the NP C-terminal domain (aa 641-739;
PDB:4QB0)* is fit into the gap. g and j, Representative tomographic slices of cells, h and K,
Initial averages mapped back onto tomograms, and i and 1, Two-dimensional histograms showing
the distance of the center-to-center and angle of the intracellular nucleocapsids formed by full-
length NP-VP24-VP35 and NPA601-739-VP24-VP35, respectively. Yellow lines in g, h, j and k
indicate the center-to-center distance of the closest neighboring nucleocapsid. h and k panel insets
show oriented views to visualize the distance between aligned nucleocapsids. Scale bars indicate
10 nm (a), 5 nm (b-¢), 2 nm (d-f), 100 nm (g, j).
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Fig. 3: Molecular model of in-virion nucleocapsids and further condensation of intracellular nucleocapsid
upon virion incorporation.
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Fig. 3: Molecular model of in-virion nucleocapsids and further condensation of intracellular
nucleocapsid upon virion incorporation.

a, and d, Visualization of in-virion NP-VP24-VP35 (EMDB: 3871) and Ebola nucleocapsid
(EMDB:3873), respectively?. The single repeating units are highlighted in pink. b and e, EM
densities fitted with the molecular model of two copies of NP (in blue and cyan) and two copies
of VP24 (in purple and pink) (PDB: 6EHM) molecules show previously unannotated densities
(white)?. ¢ and f, In-virion model created based on an in-cell model (Figures 1 and 2) fitted into
EM densities of the authentic virus. Model colors correspond to those for Fig. le. g, Comparison
of single repeating units of intracellular (in-cell) and in-virion nucleocapsid shows that the models
are nearly identical (RMSD 1.07 A). h-j, Assembled models consisting of nine repeating units of
intracellular and in-virion nucleocapsid models based on intracellular NP(A601-739)-VP24-VP35
and in-virion NP-VP24-VP35 nucleocapsid densities and their overlaid models. In the overlaid
model, in-cell surface density is shown in opaque pink. k and 1, Side view of assembled models
consisting of three vertically aligned nucleocapsid models based on EM densities of intracellular
NPA601-739-VP24-VP35 and in-virion NP-VP24-VP35 (EMDB: 3871) nucleocapsids,
respectively. Red and blue arrowheads show wider and narrower inter-rung spaces, respectively.
m and n, Enlarged views of the boxed regions in h and i. The inter-rung interface identified in the
in-cell nucleocapsid (yellow arrowhead in m) is not present in the in-virion nucleocapsid (n).
Further, the potential inter-rung interface in the in-virion nucleocapsid is shifted upward (red
arrowhead). In n, yellow arrowhead points to the same location of VP24 (purple) as in m as a
reference point. Molecular models are fitted into the EM densities. Inter-rung interaction sites
within the two repeating units differ between intracellular and in-virion nucleocapsids. Scale bars
indicate 5 nm (a,d, j,k) and 2 nm (b, c, e, f, g, m, n).
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Fig. 4: EBOV-GFP-AVP30 virus-infected cells illuminate the authentic assembly process
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Fig. 4: EBOV-GFP-AVP30 virus-infected cells illuminate the authentic assembly process

a, Representative tomographic slice of FIB-milled EBOV-GFP-AVP30 virus-infected cells frozen
24 hours post-infection. Panel b shows annotation of the tomogram in a. The replication factory is
inside and above the yellow curve. Assembled Ebola virus nucleocapsids are highlighted in pink.
Host membrane structures are orange and mitochondria blue. ¢ and d, Enlarged views of the boxed
regions in b. The area outlined in cyan contains loosely coiled NP-RNA. e, Representative
tomographic slice showing intracellular nucleocapsid found in EBOV-GFP-AVP30 virus-infected
cells. Blue arrowheads indicate fluffy densities extending from the intracellular nucleocapsid. f,
Representative tomographic slice of a virus emerging from frozen EBOV-GFP-AVP30 infected
cells 24 hours post-infection. g, Enlarged view of the boxed region in f. h, Annotation of tomogram
in g. The viral envelope lipid bilayer, matrix protein, VP40 layer, and nucleocapsids are in yellow,
green, and blue, respectively. i, Representative tomographic slice of intact virus and naked
nucleocapsids without viral envelope found in the cell periphery of frozen infected cells 24 hours
post-infection. Blue arrowheads highlight fluffy densities extending from the in-virion
nucleocapsid. Inset: Enlarged views of the boxed region. j, Model of polymerase L complexed
with VP35 fitted with our intracellular nucleocapsids. k, Schematic representation of the Ebola
virus nucleocapsid assembly process described in this study. (i) The loosely coiled nucleocapsids
represent transcription and replication-competent NP assembly bound to viral RNA genome and
viral polymerase L via VP35. (ii) When enough viral proteins accumulate in viral factories, VP24,
VP35, and outer NP assemble on the loosely coiled nucleocapsids, which transition into a rigid
and condensed state. A portion of the intrinsically disordered domain and C-terminal domain of
NP extends from the assembled nucleocapsid and fills the additional 7 nm-wide space along the
intracellular nucleocapsid. (iii) In addition to the three major nucleocapsid protein components,
the essential transcription factor VP30, polymerase L, and a matrix protein VP40 are recruited to
nucleocapsids for incorporation into the virion and formation of fully functional nucleocapsids
competent to propagate infection. Both VP30 and VP40 bind to the extended region of NP 2%-30:43:44,
(iv) Assembled nucleocapsid is incorporated into virions through interactions between the NP C-
terminal domain and matrix protein that lies beneath the viral envelope. In the virion,
nucleocapsids are further condensed relative to intracellular nucleocapsids to ensure genome
integrity. In the virion, the intrinsically disordered domain and CTD of NP functions as a flexible
linker that positions the nucleocapsid at the center of the virion. This link may also confer a certain
amount of flexibility to minimize genome breakage in case of membrane deformation. The matrix-
to-matrix distance in the virion measured in the tomographic slice shown in f-h is ~66 nm, which
matches well with the estimated width of ~66 nm of nucleocapsid including NP (aa 601-739)
regions (52 + 14 nm) shown in Fig. 2 f. Scale bars indicate 200 nm (a,b), 50 nm (e,f,i), and 5 nm

@-


https://paperpile.com/c/TF816l/iHbqM
https://paperpile.com/c/TF816l/Iz1PH+EDmwM+E8rbx+XHsuK
https://doi.org/10.1101/2023.12.01.569666
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.01.569666; this version posted December 2, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Fig. 5: Interfaces involved in nucleocapsid formation
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Fig. 5: Interfaces involved in nucleocapsid formation

a, Interface (i) NP#1-NP#2. The view is from inside the nucleocapsid as shown in Fig. 1g. b,
Interface (ii) VP35N-termBP_NPeore, The view is from the top of the nucleocapsid as shown in Fig.
1j. ¢, Superimposing NP#2 and NP#3 focusing on the overlapping locations of the N-terminal tail
from the adjacent NP (red), VP35 N-terminal binding peptide (orange) and conformational
changes in the NP C-terminal lobe between the two structures that results in flexibility and lack of
clear density for C-lobe helices in the green NP#3. d, Interface (iii) NP#1-VP24#1. Side view as
shown in Fig. 1f. e, Interface (iv) VP24#2-NP#3. Side view as shown in Fig. 1f. f, Superimposing
NP#1-VP24#1 and VP24#2-NP#3 with alignment of the VP24#1 and VP24#2 shows an almost
perfect fit of VP24 and the NP N-terminal lobe, confirming that the same VP24 and NP interaction
occurs in two different locations within the repeating unit. g, Interface (v) NP#2-VP24#2. Side
view as shown in Fig. 1h. h, Superimposing NP#1-VP24#1 and NP#2-VP24#2 with alignment of
NP#1 and NP#2 reveals that almost the same NP surfaces are involved in interaction with VP24
in two different orientations. i, Interface (vi) VP24#1-VP35¢P. Side view as shown in Fig. If. j,
Superimposing NP#2-VP24#2 and VP24#1-VP35¢™" with alignment of VP24#2 and VP24#1
reveals that VP35 binding to VP24 prevents binding of a second NP to VP24#1. k, Three central
repeating units are colored within the EM density of intracellular NPA601-739-VP24-VP35. The
VP35 structure (aa 81-340)"3 is fitted in one of VP35¢TP densities (orange). Yellow and red boxes
show inter-rung and intra-rung interfaces, respectively. 1, Interface (vii) VP24#1-inter-rung NP#3.
m, Hypothetical interface (viii) NP#3 -intra-rung VP35NTP predicted by fitting the VP35 structure
(aa 81-340) at the location of adjacent VP35¢TP, Predicted density corresponding to VP35NTDP
obtained from the model was not observed, likely due to the flexibility of the VP35 oligomerization
domains that would change the helix angles. We estimate that VP35 (aa 81 to 112 highlighted by
transparent blue) could potentially interact with NP#3 (aa 241 to 600). (a-m), The color of each
fit model matches that of the EM map in other figures. Regions forming interfaces are colored
yellow, red, and blue to distinguish them from the rest of the proteins. Density thresholds are set
to show helical densities. Amino acid sequences involved in the interfaces are listed in Extended
Data Table 1. Scale bars indicate 2 nm except in k; Snm.
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