
Editor’s Pick | Structural Biology | Full-Length Text

Architectural organization and in situ fusion protein structure of 
lymphocytic choriomeningitis virus

Joon S. Kang,1,2,3 Kang Zhou,1 Hui Wang,1,3 Sijia Tang,4 Kristin Van Mouwerik Lyles,5 Ming Luo,5,6 Z. Hong Zhou1,2,3

AUTHOR AFFILIATIONS See affiliation list on p. 12.

ABSTRACT Arenaviruses exist globally and can cause hemorrhagic fever and neuro
logical diseases, exemplified by the zoonotic pathogen lymphocytic choriomeningitis 
virus (LCMV). The structures of individual LCMV proteins or their fragments have been 
reported, but the architectural organization and the nucleocapsid assembly mechanism 
remain elusive. Importantly, the in situ structure of the arenavirus fusion protein complex 
(glycoprotein complex, GPC) as present on the virion prior to fusion, particularly with 
its integral stable signal peptide (SSP), has not been shown, hindering efforts such 
as structure-based vaccine design. Here, we have determined the in situ structure of 
LCMV proteins and their architectural organization in the virion by cryogenic electron 
tomography. The tomograms reveal the global distribution of GPC, matrix protein Z, 
and the contact points between the viral envelope and nucleocapsid. Subtomogram 
averaging yielded the in situ structure of the mature GPC with its transmembrane 
domain intact, revealing the GP2-SSP interface and the endodomain of GP2. The number 
of RNA-dependent RNA polymerase L molecules packaged within each virion varies, 
adding new perspectives to the infection mechanism. Together, these results delineate 
the structural organization of LCMV and offer new insights into its mechanism of LCMV 
maturation, egress, and cell entry.

IMPORTANCE The impact of COVID-19 on public health has highlighted the importance 
of understanding zoonotic pathogens. Lymphocytic choriomeningitis virus (LCMV) is a 
rodent-borne human pathogen that causes hemorrhagic fever. Herein, we describe the in 
situ structure of LCMV proteins and their architectural organization on the viral envelope 
and around the nucleocapsid. The virion structure reveals the distribution of the surface 
glycoprotein complex (GPC) and the contact points between the viral envelope and 
the underlying matrix protein, as well as the association with the nucleocapsid. The 
morphology and sizes of virions, as well as the number of RNA polymerase L inside 
each virion vary greatly, highlighting the fast-changing nature of LCMV. A comparison 
between the in situ GPC trimeric structure and prior ectodomain structures identifies 
the transmembrane and endo domains of GPC and key interactions among its subunits. 
The work provides new insights into LCMV assembly and informs future structure-guided 
vaccine design.

KEYWORDS arenavirus, lymphocytic choriomeningitis virus, cryogenic electron 
tomography, in situ structures, spike proteins, virion, prefusion

L ymphocytic choriomeningitis virus (LCMV), a rodent-borne human pathogen, is a 
member of the Arenaviridae family in the Bunyavirales order. Globally distributed by 

the dispersion of the rodent reservoir, LCMV is a widely used experimental model for 
viral pathogenesis studies (1, 2). Although typically asymptomatic in healthy individuals, 
LCMV infection poses a threat to immunosuppressed patients, children, and pregnant 
women. For example, LCMV can cause aseptic meningitis in immunocompromised 
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individuals, while prenatal infection can cause abortion or severe congenital disabilities 
(3, 4).

LCMV is a pleomorphic enveloped virus that contains segmented negative-strand 
RNA genomes with one large (L) segment of ~7.5 kb and one small (S) segment 
of ~3.5 kb. Each segment contains two open reading frames (ORFs) encoding two 
gene products in opposite orientations, allowing for the expression of early and late 
genes (5). The large segment encodes the large RNA-dependent RNA polymerase (RdRp) 
(L, 200 kDa) and the multi-functional matrix protein (Z, 11 kDa). The small segment 
encodes the viral nucleoprotein (NP, 63 kDa) and precursor glycoprotein complex (GPC, 
75 kDa). Since its genomic RNA is negative sense, LCMV relies on the packaged RdRp 
for its genome replication. L and NP are produced first from mRNA as early products. 
These early gene products act on the viral gene to make the late gene products, Z 
and GPC. GPC is initially expressed as a single polypeptide near and translocated to the 
endoplasmic reticulum, where a stable signal peptide (SSP, aa 1–58) is cleaved from its 
N terminus by the host signal peptidase (6). Then, GPC is translocated to Golgi, where 
it is additionally cleaved by the host convertase subtilisin kexin isozyme 1 (SKI-1)/site 1 
protease (S1P), yielding peripheral glycoprotein 1 (GP1, aa 59–265) and transmembrane 
glycoprotein 2 (GP2, aa 266–498). GP1 is responsible for receptor engagement (7–10), 
and GP2 is responsible for membrane fusion (11–13). LCMV GPC belongs to the class one 
viral fusion protein, which also includes GPCs of human immunodeficiency virus (HIV), 
Ebola virus, and severe acute respiratory syndrome coronavirus 2. Because these viruses 
are enveloped, they must fuse with the host membrane to release their genetic material 
through the fusion pore (6, 14).

When the class one fusion protein concludes its final translocation to the membrane, 
its stable signal peptide (SSP) is generally degraded and does not remain as part of 
the mature GPC (15). However, compared to other class one fusion proteins, the LCMV 
SSP remains associated with the mature GPC—a unique feature of arenaviruses. After its 
cleavage at the ER, SSP is myristoylated and rearranged to translocate its C-terminal tail 
to the cytosolic side of the membrane (16, 17). This allows SSP’s interaction with GP2 
and retention in the mature GPC (18). In addition to its conventional role in directing 
intracellular trafficking, arenavirus SSP is an integral third structural subunit, alongside 
GP1 and GP2, of mature GPC necessary for the proper maturation of GPC and pH-
dependent fusion process (19–22). Arenavirus SSP is proposed to traverse the membrane 
twice, with two antiparallel transmembrane helices connected by an eight-amino acid 
ectodomain loop (23, 24), but the complete structure of mature GPC with SSP intact 
remains unknown (12, 25, 26).

To address this, we obtained a 3D density map of the whole virion using cryogenic 
electron tomography (cryoET) and the density map of the prefusion state of LCMV 
GPCs by conducting subtomogram averaging (STA). We reconstructed a 3D model 
of the mature GPC with its transmembrane region intact, which reveals the GP2-SSP 
interface and GP2 endodomain. We also used our whole virion tomogram to fit the 
previously resolved models of individual proteins (12, 25–35) to establish the architec
tural framework of the virion and unveil the interactions among GPC, Z, NP, and L 
proteins. Together, these findings provide a roadmap to understanding the structural 
organization of LCMV and its mechanism of maturation, egress, and cell entry.

RESULTS

Structural organization of the LCMV viral proteins

In the virion, large and small segments of the viral genome are encapsidated by NP 
in the nucleocapsids. Each nucleocapsid segment is associated with an L protein, and 
two nucleocapsid segments are co-packaged via interactions with membrane-associated 
Z proteins that also interact with GPs studded in the viral envelope. Structures of 
individual proteins from Arenavirus have been solved previously by X-ray crystallography 
and cryogenic electron microscopy (cryoEM) (12, 25–35). However, the architectural 
organization of these proteins in the virion and the assembly mechanism of NP and 
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RNA into the nucleocapsid are poorly understood. To address this, we used cryoET 
to reconstruct the 3D model of the LCMV virion at molecular resolution. The simultane
ous iterations reconstruction technique-like implementation was used to analyze the 
tomograms of virion particles (Fig. 1A). The tomograms were denoised and corrected 
for missing-wedge artifacts to improve the visualization of the low-resolution features 
(Fig. 1B). A virion of interest was segmented from the corrected tomogram to generate 
a complete map of a fully intact virion, revealing the external and internal structural 
organization (Fig. 1C and D). The external view features the pleomorphic viral envelope 
and the random distribution of GPs throughout the envelope. The fitting of the GP model 
(PDB 8DMI) suggests that our virion carries prefusion state GPCs (Fig. 1E). Internally, 
the nucleocapsid is mostly packed randomly, although the periphery forms a structured 
layer underneath the viral envelope. At the core, two L polymerases are wrapped around 
the surrounding components, likely to be nucleocapsids and genomic RNA (Fig. 1D).

Viral protein interactions were examined in detail by segmenting the virion map into 
regions of GP, viral envelope, nucleocapsids, and L polymerases. The most prominent 
type of interface was found between the viral envelope layer and the underlying 
nucleocapsid layer (Fig. 1E). These interfaces were displayed as small pieces of densities 
that bridge the two layers. These densities seem to provide anchorage for the nucleocap
sids and the viral envelope, conferring structural rigidity to the nucleocapsids. To better 
discern these densities and that underneath, the viral envelope was removed, and 
previously resolved structure models were fitted into the remaining density (Fig. 1E and 
F). The Z monomers (PDB 5I72) were placed into the bridging density as dimension 
references. The density underneath the Z proteins was placed with the NP monomers 
(PDB 3T5N). The NP monomers directly contacting the viral envelope are spaced apart 
(~13 Å) and stacked in an organized manner (Fig. 1F and G). Moving away from the viral 
envelope, the nucleocapsids become less orderly and more packed.

Next, the potential interactions around L were examined more closely. To begin, two 
dense regions shown in the denoised tomogram were segmented, as they were pro
posed to represent the L polymerases. Based on the size and shape of these two dense 
regions, only L polymerases are large enough to occupy the space, other components 
such as NP, Z, and RNA are too small. (Fig. 1H). Then, the innermost layer surrounding the 
aforementioned segmented region was extracted, and the previously resolved L-Z 
complex (PDB 7X 6V) was fitted into the segmented region (Fig. 1I). The first interesting 
finding is that both dense regions are larger than the L-Z complex, indicating that the 
region contains additional proteins that may be associated with the L-Z complex. 
Another finding is that there are empty spaces between the core complex and the 
nucleocapsid layer around the core complex (Fig. 1H and I). While there exists an empty 
space between the core complex and the nucleocapsid, there are also contacts between 
the two structures, locking the core complex in place.

While examining the anchorages earlier in Fig. 1, we discovered a large number of 
distributed overlaps between the NP-membrane contact points and the GPC locations. 
To examine this relationship further, we first identified all contact points between the 
viral envelope and the nucleocapsid with the surface markers and moved the markers up 
along their longitudinal axis to the outer surface layer (Fig. 2A). Then, the contact point 
markers that coincided with GPCs were distinguished from those that did not (Fig. 2A 
and B). The GPCs coinciding with the contact point markers were further distinguished 
from those that did not (Fig. 2A and B). The total contact points were 180, of which 108 
(60%) coincided with GPCs (Fig. 2C). The total GPCs were 135, of which 108 (80%) 
coincided with the contact points (Fig. 2D). These findings suggest that more than half of 
the contact points are found directly underneath GPCs and that GPCs are closely 
associated with the Z proteins, which serve as the anchorage of the nucleocapsid to the 
viral envelope.
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FIG 1 Architectural organization of LCMV: GP-Z-NP interface and peripheral NP arrangement. (A) XY density slice view of a 

cryoET tomogram containing a virion of interest. (B) XY slice view of the tomogram from panel A after deconvolution and 

(Continued on next page)
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In situ structure of LCMV GPC

The prefusion state GPC of LCMV is a trimer with each monomer subunit existing as a 
tripartite complex that consists of GP1, GP2, and SSP. Arenavirus SSP is an integral 
structural subunit of GPC that is necessary for the proper maturation and pH-dependent 
fusion process of GPC. Retention of arenavirus SSP is proposed to be achieved via the 
interaction of SSP with the C-terminal region of GP2. Structurally, arenavirus SSP is 
modeled to comprise two antiparallel transmembrane helices connected by an eight-
amino acid ectodomain loop. Despite these findings, the available GPC-related structures 
of LCMV are the prefusion state GPC trimer structure, with each monomer consisting of 
GP1 and GP2 ectodomain, and the postfusion state GPC trimer structure, with each 
monomer consisting of GP2 ectodomain. Previous preparations were achievable by 
removing the hydrophobic domains, such as the GP2 TM domain and SSP domain (12, 
25, 26).

CryoET, on the other hand, can be used to resolve structural features in the native 
environment, namely within the cell, by incorporating a subtomogram averaging 
approach. In STA, structures present in multiple copies, i.e., isotropic structures within the 
tomograms, can be extracted (subtomograms), aligned, and averaged, thus improving 
the signal-to-noise ratio and resolution. By taking advantage of STA, we resolved the in 
situ structure of membrane-bound LCMV GPC. GPCs of each virion were extracted as 
individually boxed particles from the earlier reconstructed tomograms. The box size was 
set to contain only one GPC and its underlying viral bilayer envelope. The GPC particles 
were subjected to RELION classification and refinements. RELION classification was set to 
generate four different classes, of which one class (5,835 particles, 16.7% of the extracted 
particles, data not shown) displayed the GPC ectodomain with the viral bilayer envelope 
underneath. The particles in this class were selected for the subsequent rounds of 
refinement, generating a final C3 symmetrized reconstruction with a 12-Å resolution (Fig. 
3A). The ectodomain fitted well with the previously resolved model (PDB 8DMI), the 
prefusion state GPC (Fig. 3A). The map was sliced halfway along the z-axis to examine the 
internal density more closely (Fig. 3C). The thickness of the bilayer was 50 Å, matching 
the membrane thickness measured earlier on the segmentation map (Fig. 1D) and 
indicating that the two layers represent the leaflets of the phospholipid bilayer (Fig. 3C). 
Regarding the small density directly underneath the bottom leaflet, the C3 symmetrized 
Z monomers (PDB 5I72) fitted well into this region, corroborating our earlier findings of 
the distributed overlaps between GPC and Z (Fig. 3B, C, and G).

Next, the full-length LCMV GPC sequence was used to generate an AlphaFold2 (36) 
predicted model, which was utilized to build the TM domain and the C-terminal domain 
of GP2 (Fig. 3B). For the most part, there was no significant deviation in our GP2 model 
from that of PDB 8DMI (Fig. 3D). However, a deviation was observed in the region 
between F405 and I426 (Fig. 3E). While 8DMI modeled this entire region as an ectodo
main helix, AlphaFold2 modeled the region from F405 to E412 as a flexible string, 
lengthening the region by ~16 Å, and the remainder as a helix (Fig. 3E). The lengthening 
of the region between F405 and E412 allowed us to bend this region to fit it into the 
narrow channel that connects the ectodomain and the top leaflet (Fig. 3D and E). In this 
way, the string penetrates into the top leaflet, and the subsequent region from A413 to 
I426 becomes the first TM helix domain that spans the top leaflet (Fig. 3C and E). The 
remaining helix domain extends perpendicular to the bilayer and crosses the central 

Fig 1 (Continued)

missing wedge correction. (C) Slice view of panel B with the segmented virion of interest. (D) Left: segmentation map of 

the virion from panel C. Right: cut-open view of the virion. (E) Zoom-in view of the yellow box region in panel D. Gold, 

glycoprotein; green, viral envelope; peach, nucleocapsid; and purple, L. The structures of GP (8DMI), Z (5I72), and NP (3T5N) 

were fitted or placed into the density as references. (F) Slightly rotated along the X-axis view of panel E with the viral envelope 

hidden. (G) Zoom-in view of the dotted red box region in panel F with the distance between the NPs indicated in yellow. (H 

and I) Segmentation of L with surrounding NP structures, where panel I is a sectional view of panel H.
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density between the bilayers (Fig. 3C). A kink is introduced in the middle of the TM helix 
due to the cyclic P433 (Fig. 3C and F). The second TM helix extends from L436 to L453, 
spanning the bottom leaflet of the bilayer. Following the TM domain, the cytoplasmic tail 
begins at K457, followed by the zinc-binding domains 1 and 2 (ZBD1 and 2) (Fig. 3G).

FIG 2 Distribution of contact points and how it relates to the glycoprotein. (A and B) Center: segmentation map of a virion from Fig. 1D with the distribution 

of contact points between the nucleocapsid and the membrane shown as surface markers. Yellow markers indicate the contact points that coincide with the 

GPCs. Orange markers indicate the contact points that do not coincide with the GPCs. Black markers indicate GPCs that do not coincide with the contact 

points. Left and right: the view rotated 90° along the axis indicated on the center view. (B) Segmentation map of a virion from panel A with GPCs hidden to 

show the yellow surface markers among others, which indicate the overlap between the contact points and GPC. (C) Pie chart depicting the distribution of 

nucleocapsid-membrane contact points that do/do not coincide with the GPs. (D) Pie chart depicting the distribution of GPs that do/do not coincide with the 

nucleocapsid-membrane contact points. The color code follows the marker color code in panels A and B.
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FIG 3 In situ structure of GPC using subtomogram averaging. (A) STA reconstruction (peach) fitted with 8DMI in space-filling model representation. GP1 is in 

gray, and GP2 is in light green (left, top view). (B) STA reconstruction fitted with our model and C3-symmetrized monomers of 5I72. GP1 is in yellow, GP2 is in 

cyan, SSP is in orange, and the Z monomer is in pink. Other GPCs are in dark gray and light gray. Ectodomain in space-filling model representation, and TM 

(Continued on next page)
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Next, the Alphafold2 SSP model was utilized to complete the GPC modeling. The SSP 
model began with the helix 1 domain from G2 to I32, followed by an ectodomain from 
K33 to T40, and finished with the helix 2 domain from C41 to G54 (Fig. 3F). The longer 
helix 1, instead of the shorter helix 2, is positioned next to the GP2 helix as it better fits 
our density map (Fig. 3C). While the domain designation for the SSP ectodomain loop 
and helix 2 follows the previous finding, the helix 1 domain in our model deviates from 
the previous finding (6). Previously, the regions from G2 to T6 and from M7 to D16 were 
designated as the myristoylation motif and cytoplasmic loop, respectively. However, our 
model suggests that the aforementioned regions are part of helix 1 to accommodate 
the ~50 Å thick bilayer (Fig. 3C).

With the full GPC modeled, we next examined the model at the residue level to 
suggest potential interactions between SSP helix 1 and GP2 TM domain. Notwithstand
ing caution warranted for interpreting models based on cryoET structure of limited 
resolution, we propose residues D16, E17, N20, I24, and I27 of the SSP helix 1 domain and 
R422, I426, and Q429 of the GP2 TM domain as potential residues contributing to the two 
domain’s TMs hydrophobic interaction as they point toward each other in our model (Fig. 
3F). Residues I417, L421, and R428 of GP2 point toward the neighboring GP2, suggesting 
their potential role in inter-subunit interaction. Except for several hydrophilic residues, 
most residues involving interaction are hydrophobic. In summary, our model suggests 
that SSP retention is supported by the interaction between SSP helix 1 TM and GP2’s TM 
helix domain.

Variation in the number of L polymerases packaged in LCMV

Arenaviruses have two segments of the RNA genome, large and small segments, each 
encoding two gene products. It has been assumed that each segment is encapsidated 
by polymeric NP subunits, and a nascent L polymerase is bound to the 3′ and 5′ ends of 
each segment, reminiscent of a pearl necklace with a pendant. This general description 
suggests that each virion contains two nucleocapsids and two nascent L polymerases. To 
better understand the nucleocapsid-polymerase relationship, we examined each virion 
in our reconstructed tomograms (Fig. 4A through D). Our 151 reconstructed tomograms 
contained 450 virions in total. The virions were grouped by the number of polymera
ses packaged, and the histogram was constructed (Fig. 4F). Interestingly, our findings 
revealed that not all virions were packaged with two polymerases (Fig. 4A through E). 
In fact, most virions were packaged with no polymerase, followed by those with one 
polymerase (Fig. 4F). Virions with two polymerases belonged to the third most abundant 
group. Many virions were packaged with more than two Ls, with one virion with up to 20 
Ls. All virions had mature GPCs studded on their membranes, regardless of the number 
of Ls packaged.

To find out the relationship between the virion size and the number of polymerases 
packaged in the virion, we measured the diameter of the virions belonging to each 
group assigned in the histogram. For the pleomorphic virions, the long axis range was 
measured, as indicated in the figures (Fig. 4A and D). Virions with zero or one L were 
generally smaller than those with more Ls, but had the greatest size variation, ranging 
from 36 to 140 nm and 50 to 200 nm, respectively (Fig. 4G). Virions with 10 or more Ls 

Fig 3 (Continued)

domain and C-terminal domain in cartoon representation (left, bottom view). (Right) Top view with the ectodomain removed. (C) Cut-open view of panel B. The 

threshold has been adjusted from panels A and B to better define the bilayer and the TM domain density. (D) Zoom-in view of the burgundy-boxed region in 

panel C. It shows the superimposition of 8DMI GP2 (light green) and our modeled GP2 domain (cyan). The models are in cartoon representation. (E) Zoom-in 

view of the green-boxed region in panel D. The region between F405 and I426 of our model is highlighted in magenta. The distance between F405 and E412 of 

both models is measured using the Chimera tape tool. (F) Zoom-in view of the blue-boxed region in panel C. The hydrophobic residues are labeled. SSP helix 1 

residues that are potentially interacting with GP2 are highlighted in darker orange, and the GP2 residues that are interacting with SSP helix 1 and neighboring 

GP2 are colored in darker blue. Ectodomain and helix 2 residues of SSP are highlighted in orange. (G) Zoom-in view of the black boxed region in panel C. ZBD1 

and 2 of GP2 are highlighted in dark purple and light purple, respectively. One Z monomer is displayed for clarity.
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were some of the largest virions, ranging from 330 to 376 nm, which corresponds to a 
virion with 20 Ls (Fig. 4D, right). Virions with two Ls had the least size variation, ranging 
from 157 to 170 nm in diameter (Fig. 4C and G).

FIG 4 Denoised and missing-wedge corrected tomograms of LCMV virions packaged with different numbers of L. (A–E) XY slice view of denoised tomograms, 

highlighting virions with various sizes and numbers of polymerases. Red dashed circles indicate the polymerase complex. (A) Virions with 0 polymerase. 

(B) Virions with one polymerase. (C) Virions with two polymerases. (D) Virions with more than two polymerases. (E) Bird’s eye view of polymerase-packaged 

virions coexisting with other virions packaged with no polymerase. (F) Histogram of the number of virions versus the number of polymerases packaged in a 

virion. For example, there are 124 virions packaged with no polymerase. (G) Table showing the size variation of virion in relation to the number of polymerase(s) 

packaged in the virion. The long axis was measured as indicated in the dashed yellow line in panels A and D.
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DISCUSSION

In this study, we have used cryoET and subtomogram averaging to determine the 
architectural organization and in situ protein structures of LCMV. Our cryoET reconstruc
tion suggests that the contact points between Z proteins (30) and nucleocapsids (29) 
are randomly distributed, while Z proteins are associated with GPCs, whose distribution 
on the envelope also lacks order, and there is only partial overlap between these two 
distributions (Fig. 2). These findings agree with previous results on the subcellular 
co-localization and molecular interactions between Z and GPC (37). We suggest that 
Z have at least two roles: first, Z bridges between GPC and the nucleocapsid, thus 
anchoring the nucleocapsid to the envelope; second, the myristoylation of the N-termi
nal glycine of Z facilitates Z’s interaction between the hydrophobic regions of GP and 
the envelope membrane (38). Inside the virion, N, the genomic RNA, and L together form 
the nucleocapsid. This way, the association among GPC (26), envelope membrane, Z (30), 
nucleocapsid (29), and L (39) defines the structural integrity and shape of LCMV. These 
suggestions await testing by future high-resolution structures.

Our STA of GPC and modeling suggest that the retention of SSP is mainly achieved 
via hydrophobic interactions between the TM domain of GP2 and the helix 1 domain of 
SSP. The model supports the findings from the screening assay that identified residues 
434–437 of the GP2 TM domain and residues 25–27 of SSP helix 1 as the main resi
dues targeted by the inhibitors, suggesting their critical roles in stabilizing the GP2-SSP 
interface (22, 40–43). In addition, the extracellular exposure and GP2 proximity of residue 
K33 of the ectodomain loop of SSP in our model allow for pH sensing and fit well 
with previous finding of the role of the highly conserved K33 on the pH-dependent 
fusion activity of GPC (22). At the same time, our model also reveals new findings. First, 
a 50-Å thick native membrane bilayer was observed, indicating that the TM should 
be longer than previously predicted based only on sequence (6). This observation has 
necessitated modeling residues 16–24 and residues 417–429 as part of TMs in SSP and 
GP2, respectively. Second, our model suggests that the previously identified ectodomain 
helix of GP2 (F405–I426) may instead be the first helix of the TM domain and that the first 
half of this helix has to be a flexible, lengthened loop so that the rest of the structure can 
span the bilayer. Without the bending and the extra length, the ZBD1 and ZBD2 domains 
would become part of the TM domain instead of the cytosolic domains. The deviation 
may have arisen due to the absence of the C-terminal domain and the different sample 
preparation methods in the previous structure study (26). Third, our model suggests 
that the previously identified 20 AA-long region of GP2 between positions 428 and 447 
(26) can only span one leaflet of the bilayer. This leads to the second finding regarding 
the proposed interaction between the GP2 ZBD2 domain and the C-terminal end of 
SSP. While it is speculated that the conserved C57 of the SSP C-terminus may function 
as the fourth ligand of the tetrahedral coordination of zinc in the cytoplasmic ZBD2 
domain of GP2 (18), that model seems unlikely as the SSP helix 2 can only span the top 
leaflet of the ~50-Å thick bilayer. Taken together, our model suggests infeasibility of the 
interaction between the GP2 ZBD2 domain and the C-terminal end of SSP. Our model 
does show an interaction between GP2 ZBD2 and a Z monomer, which may help explain 
our finding on the distributed overlaps between GPC and Z.

The large variation in the number of Ls packaged in the virion discovered by our 
cryoET analyses adds new perspectives to the infection mechanism of LCMV. First, the 
abundance of virions with various numbers of Ls but all with intact GPCs suggests that 
the egress of LCMV can occur at any point in time as long as the proper maturation 
and intracellular trafficking of the GPC is completed. With no strict requirement for 
packaging of the nucleocapsid-L complex, LCMV may lack strategic temporal regulation 
of its egress, such as lytic to lysogenic transition seen in HIV-1 (44). Second, the great 
abundance of virions with no or one L suggests that LCMV mainly relies on these types 
of virions for their survival. To overcome their lack of strategic egress regulation, LCMV 
may use degenerate virions to increase the probability of reassortment, which helps to 
evade the host immunity. In addition, virions with more than two Ls may be used as 
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special units for expedited viral transcription for the rapid expression of viral proteins 
upon host cell entry, achieving more efficient virion production. Third, an unrestricted 
strategy might be a preferred way for LCMV to evolve due to its simple architectural 
organization—other NSVs require more sophisticated assembly checking due to their 
complex structure (45). As a comparison, the influenza genome contains eight segments 
that encode 10 essential viral proteins and several strain-dependent accessory proteins 
(46, 47). Insofar as the polymerases are concerned, three of these segments encode 
for the subunits of the heterotrimeric polymerase of the influenza virus (48, 49). This 
suggests that if the segments were randomly packaged upon egress, there are 1 in 
56 chances for influenza virus and 1 in 3 chances for LCMV for the proper polymerase 
assembly to produce infectious particles. If we consider all other viral components in 
the probability calculation, random packaging becomes more feasible in LCMV with its 
simpler structure.

Due to the limited resolution of our reconstructions, it is difficult to discern further 
details of the nucleocapsid arrangement, the packed complex around L, and the TM 
domain of GP2. Nonetheless, our cryoET reconstructions have allowed the first structural 
description of LCMV virion, a significant zoonotic virus that has the potential to cause 
pandemic infections among the human population. Integration of the in situ structures 
with previous atomic models of individual components has led to the delineation of 
critical contacts among different viral proteins.

MATERIALS AND METHODS

Preparation of LCMV

BHK-21 cells were maintained with EMEM (ATCC), supplemented with 10% fetal bovine 
serum, at 37°C and 5% CO2. At 90% confluency, LCMV inoculum diluted in EMEM with 
1% fetal bovine serum was absorbed to BHK-21 cells for 1 hour, and the infected cells 
were maintained in EMEM, supplemented with 10% fetal bovine serum for 48 hours at 
37°C and 5% CO2. The supernatant was collected and clarified by centrifugation. LCMV 
was pelleted by centrifugation at 30,000 g for 2.5 hours at 4°C. The virus in the pellet was 
resuspended in phosphate-buffered saline (PBS) and further purified by sucrose gradient 
centrifugation (20%–50%) at 31,200 rpm in Beckman SW 41 Ti rotor for 1.5 hours at 4°C. 
The virus band was collected and concentrated in PBS. Purified LCMV was deactivated by 
UV radiation 30 min before use.

Grid preparation for cryoET

The purified, deactivated LCMV sample was diluted 100-fold in PBS, ultracentrifuged for 
1 hour at 100,000 × g, and decanted to remove sucrose. The viral pellet was air-dried 
overnight in a cold room to be loosened and resuspended in 50 µL PBS. In preparation 
for the cryoEM, we added a 10 nm gold bead solution to the sample in a 1:20 volume 
ratio. The sample was applied to the carbon side of 200 mesh Cu Quantifoil 100 holey 
carbon films (R 3.5/1), which were glow discharged by Gatan Plasma System SOLARUS 
beforehand. The grids were loaded onto the manual plunger, blotted with the filter 
paper for 5 seconds, and plunged into liquid ethane/propane. Grids were stored in liquid 
nitrogen.

CryoET data collection and drift correction

The initial sample quality assessment was conducted using negative stain EM with 2% 
phosphate tungsten pH 7.5 on the FEI Tecnai TF20 at 200 kV equipped with a Gatan K2 
direct electron detection camera. The final imaging was conducted with a Titan Krios 
electron microscope (Thermo Fisher Scientific) equipped with a Gatan imaging filter 
(GIF), and images were recorded on a post-GIF Gatan K3 direct electron camera operated 
in super-resolution electron-counting mode. The magnification was 53,000×, with a pixel 
size of 1.69 Å/pixel at the specimen level. Data collection was facilitated by SerialEM (50). 
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Tomographic tilt series were collected between −60° and 60° with a 3° angular increment 
in the dose-symmetry scheme (51). The total dose of each tilt series was 121 e-/Å2. 
Tilt series movies were recorded in dose-fraction mode and binned two times with the 
graphics processing unit-accelerated program MotionCor2 (52) to generate a micrograph 
in a tilt series.

Tomogram reconstruction and segmentation

One hundred fifty-two tilt series were collected and reconstructed following the 
standard protocol provided by IMOD (53). The final tomograms were binned to a pixel 
size of 13.52 Å, deconvoluted, and corrected for the missing-wedge artifacts with IsoNet 
(54) using defocus values estimated by CTFFIND4 (55). The corrected tomogram was 
segmented using plane/surface markers and the split map function in ChimeraX (56).

Glycoprotein particle picking, subtomogram averaging, and TM domain 
modeling

The corrected tomograms were used to pick the GP particles. In total, 1,568 particles 
were manually picked from four tomograms and used to train a neural network model 
for automatic picking using the “AI Autopicking” tool in TomoNet (57). In total, 34,775 
particles were picked from 151 tomograms. The coordinates and orientations of these 
particles were formatted and imported to RELION 4 (58) for further refinement. In 
RELION, the imported subtomograms binned to a pixel size of 6.76 Å were subjected 
to two rounds of “3D auto-refine.” The refined subtomograms were binned to a pixel size 
of 3.38 Å and underwent one round of “3D classification,” from which a class containing 
5,835 particles was selected for the subsequent two rounds of “3D auto-refine.” The 
finalized C3-symmetrized reconstruction reported a 12-Å resolution, which is based on 
the gold standard refinement procedures and the 0.143 Fourier shell correlation criterion. 
TM domain modeling was conducted using AlphaFold2 (36) and Coot (59). The full 
sequence of LCMV GPC was used to generate a model that was modified manually to fit 
our density map while minimizing the steric clash.
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