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In the absence of effective vaccines, human-infecting members of the Herpesvirus family 
cause considerable morbidity and mortality worldwide. Herpesvirus infection relies on 
receptor engagement by a gH/gL glycoprotein complex which induces large-scale 
conformational changes of the gB glycoprotein to mediate fusion of the viral and host 
membranes and infection. The instability of all herpesvirus gBs have hindered biochemical 
and functional studies, thereby limiting our understanding of the infection mechanisms of 
these pathogens and preventing vaccine design. Here, we computationally stabilized and 
structurally characterized the Epstein-Barr virus prefusion gB ectodomain trimer, 
providing an atomic-level description of this key therapeutic target. We show that this 
stabilization strategy is broadly applicable to other herpesvirus gB trimers and identified 
conformational intermediates supporting a previously unanticipated mechanism of gB-
mediated fusion. These findings provide a blueprint to develop vaccine candidates for 
these pathogens with major public health burden. 
 
The ubiquitous human-infecting members of the Herpesvirus family cause significant morbidity 
and mortality globally. Epstein Barr Virus (EBV), a gamma-Herpesvirus, causes 1.3-1.9 % of all 
human cancers and has been strongly associated with multiple sclerosis1–3. Cytomegalovirus 
(CMV), a beta-Herpesvirus, is a leading cause of hearing loss and permanent disability as a 
consequence of frequent infection of fetuses4. In older adults, the alpha-herpesviruses, Herpes 
Simplex Viruses (HSV1/2) and Varicella Zoster Virus (VZV), are involved in the etiology of 
dementia5–8. With seroprevalences of >90% for EBV, 45-100% for CMV, ~50% HSV1, ~10% 
HSV2, and 98% for VZV9–12, effective countermeasures are urgently needed. 
 
While vaccines are lacking for most Herpesviruses, live-attenuated vaccines exist for VZV which 
reduce acute disease (Chickenpox) by 87% and reactivation (Shingles) by 51%13,1415. Recently, 
a subunit vaccine has shown ~90% efficacy in reducing VZV reactivation16–18. This subunit 
vaccine elicits neutralizing antibodies and cell-mediated immunity against glycoprotein E (gE), 
which is involved in viral entry16,17. Since gE is not conserved or absent in other Herpesviruses, 
alternative entry glycoproteins have been explored as immunogens for vaccine development. 
Notably, neutralizing and protective antibodies have been identified against the conserved 
Herpesvirus glycoprotein H and L, which fold as a heterodimer, (gH/gL) and glycoprotein B 
(gB)19–28. 
 
Herpesvirus entry typically begins with gH/gL binding to the host receptor, either directly or with 
other virus-specific glycoproteins29. Upon receptor engagement, gH/gL triggers gB to change 
conformation and promote fusion of the viral and host membranes29. While several gH/gL-
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targeted neutralizing antibodies compete for binding with host receptors30, the mechanisms of 
most gB-directed neutralizing antibodies remain elusive. The gB ectodomain comprises five 
subdomains, designated DI, DII, DIII, DIV, and DV, followed by C-terminal transmembrane and 
cytoplasmic domains31 (Fig 1a-b). CMV and HSV1 gB share four antigenic sites targeted by 
neutralizing antibodies, located in DI, DII, DIV, and the flexible N-terminus32,3319,32 with the DIV 
antigenic site being shared with VZV gB and EBV gB34–36. Recently, the DIV-targeted 93k VZV 
neutralizing antibody was proposed to be incompatible with a DIV-bound conformation of the gB 
N-terminus, though, the underlying molecular mechanism of neutralization remains 
unknown35,37. Our limited understanding of the mechanisms of action of gB-targeted neutralizing 
antibody highlights gaps in our knowledge of Herpesvirus fusion.  
 
No structural information exists for prefusion EBV gB or any other gamma-Herpesviruses, 
hindering our ability to design countermeasures against this important class of pathogens. 
Prefusion HSV1 gB H516P as well as the corresponding VZV gB mutant were visualized at ~1 
nm resolution using cryoET, revealing their domain organization38,39. Furthermore, a cryoEM 
structure of full-length CMV gB (stabilized with a CMV-specific inhibitor and covalent 
crosslinking) was recently described40. Comparing prefusion and postfusion conformations of 
these gB structures show that DII linked to DI (which harbors hydrophobic fusion loops) and DV 
(anchored to the viral membrane) are reoriented ~180º during the membrane fusion reaction 
relative to DIII and DIV41. For class III fusion proteins, such as Herpesvirus gB, the fusion loops 
are thought to reorient for insertion into the host membrane before structural rearrangements of 
the domain directly anchored to the viral membrane42–44.  
 
Although viral fusion glycoproteins are finely tuned to promote entry with exquisite spatial and 
temporal control, irreversible refolding to the postfusion state often occurs upon purification. 
Therefore, stabilizing them in the prefusion conformation is typically necessary to produce an 
immunogen eliciting potent immune responses45–47. For example, the 2P and DS-CaV1 
prefusion-stabilizing mutations enhance glycoprotein stability and enable elicitation of potent 
immune responses for approved vaccines against SARS-CoV-2 and RSV, respectively47–49. 
Whereas SARS-CoV-2 and RSV use class I fusion proteins, Herpesvirus gB is a homotrimeric 
class III fusion protein, which is markedly distinct and much less well characterized with limited 
prefusion-stabilization success despite extensive prior attempts50,51. The H516P HSV1 gB 
mutation increases the prefusion to postfusion ratio in HSV1 gB, as does the corresponding 
mutation in VZV gB. However, the applicability of this strategy is limited to full-length 
membrane-embedded protein and fails to stabilize the prefusion recombinant ectodomain trimer 
adequately38. No prefusion-stabilizing mutations are known for soluble gB ectodomains of any 
Herpesvirus; consequently, there are no isolated prefusion gB-specific neutralizing antibodies. 
Accordingly, stabilizing the prefusion gB conformation would not only further our understanding 
of herpesvirus-mediated membrane fusion but also facilitate the development of 
countermeasures against this important family of pathogens.  
 
Here, we stabilized the prefusion EBV gB ectodomain trimer using recent advances in structure-
based and machine-learning guided protein design approaches, and identified conformational 
intermediates that support an alternative mechanism of gB-mediated fusion. We show that the 
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stabilization strategy is broadly applicable to alpha-, beta-, and gamma-Herpesviruses, pointing 
to a shared fusion mechanism and paving the way to develop vaccine candidates against these 
pathogens. 
 
Results 
 
Preventing Domain II reorientation in gB 
We hypothesized that deleting the loop between DII and DIII would restrict DII—and 
consequently gB—to the prefusion conformation, as the loop spans a distance of 20 Å in the 
predicted prefusion conformation and 40 Å in the postfusion conformation (Fig 1a-b and 
Extended Data Fig. 1a-b). This loop is not anticipated to play a significant role in fusion, aside 
from the presence of a polybasic furin cleavage site which enhances (but is not necessary for) 
gB-mediated fusion52. Therefore, we deleted this 51-residue loop between DII and DIII (residues 
402-452) and replaced it with an eight residue linker (herein gB-deli). CryoEM structure 
determination unexpectedly revealed that gB-deli adopted the postfusion conformation (Fig 1c, 
Extended Data Fig. 2a, and Table S2), underscoring the need for further stabilization.  
 
We subsequently designed gB-Δ, with a deletion of the entire DII-DIII loop along with that of the 

adjacent residues 394-401 (predicted to form an ⍺-helix bridging DII to the loop), which 
prevented refolding to the postfusion conformation (Extended Data Fig. 3a-c). However, DI and 
DII adopted random orientations relative to the rest of the ectodomain, inconsistent with the 
prefusion conformation (Extended Data Fig. 3c), and were not resolved upon cryoEM analysis 
(Fig 1c, Extended Data Fig. 2b, and Table S2). The gB-Δ structure reveals that DV interacts 
with DIII in a postfusion-like manner, thereby occluding the site on DIII that would be occupied 
by DII in the prefusion state (Extended Data Fig. 1c). This observation rationalizes the 
conformational heterogeneity of DI and DII, as DII cannot bind to its prefusion binding site on 
DIII, while the 394-401 loop deletion prevents DII from moving to its postfusion binding site on 
DIII.  
 
Preventing Domain V flipping in gB  
Since DV moves to the postfusion conformation in gB-Δ, we targeted this domain to introduce 
additional mutations for stabilization of the prefusion state. Using ProteinMPNN53 along with the 
AlphaFold2-predicted54 structure of prefusion EBV gB, we identified and screened ~100 
possible stabilizing mutations. An ectodomain that adopts the postfusion conformation (gB with 
the 402-452 residue deletion, gB-de) was used to enable screening of mutations by 2D 
classification of negatively stained samples. We identified an intermolecular disulfide bond 
between DIII and DV (Q527C-E634C) that prevents the transition to the postfusion conformation 
of the gB-de ectodomain (Extended Data Fig. 3d). Non-reducing SDS-PAGE analysis of this 
ectodomain construct (gB-deD herein) was consistent with formation of the designed 
intermolecular disulfide bond (Extended Data Fig. 3d).  
 
To probe the role of the loop deletion in stabilization, we reintroduced an eight residue loop-
linker (herein gB-deliD) which resulted in dampened intermolecular disulfide bond formation and 
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refolding to the postfusion state (Extended Data Fig. 3e). This indicates that the conformational 
restriction of DII imposed by the loop deletion contributed to enhancing the stability of prefusion 
gB-deD, and that release of this restriction by reintroducing the loop-linker in gB-deliD favors the 
postfusion state. CryoEM structure determination of gB-deD revealed prefusion-like interfaces 
between DII and DIII as well as between DIV and DV, whereas the predicted DV C-terminal 3-
helix coiled-coil was not resolved in the map (Fig 1c, Extended Data Fig. 2c, and Table S2). In 
summary, we identified the Q527C-E634C disulfide bond which participates in stabilizing the 
prefusion conformation of gB DII and DV through interprotomer crosslinking. 
 

.CC-BY 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted October 24, 2024. ; https://doi.org/10.1101/2024.10.23.619923doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.23.619923
http://creativecommons.org/licenses/by/4.0/


 

 

 
Figure 1. Prefusion-stabilization of the EBV gB ectodomain trimer. (a) Schematic of the domain 
organization of full-length Epstein Barr Virus (EBV) gB with the designed modifications to produce the gB-
deliDoP-I5350A2hN ectodomain indicated. All constructs have deletion of the transmembrane and 
cytoplasmic domains, fusion loop mutations to enhance solubility, and a C-terminally fused polyhistidine 
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tag (Table S1). de: deletion of residues 402-452; Δ: deletion of residues 394-452; li: GSPPGSPP loop-
linker, D: disulfide bond between residues Q527C and I634C (D); P: A293P mutation; o: oP3H trimer 
fusion; I5350A2h(N): fusion of the redesigned I5350A. (b) Left, ribbon representation of the AlphaFold2-
predicted structure of full length prefusion EBV gB using prefusion CMV gB as a template (PDB 7kdp). 
Right, schematic of the 3D organization of prefusion gB domains in one protomer. (c) EBV gB 
ectodomain design iterations as panels, including gB-deli, gB-Δ, gB-deD, gB-deliDoP-I5350A, gB-
deliDoP-I5350A2h, and gB-deliDoP-I5350A2hN. Top of panels, qualitative overview of the relative 
conformational restraint imposed by mutagenesis, as well as the relative prefusion-like conformation of 
DII, DV, and DI. Bottom of panels, the locally sharpened CryoEM map (left, surface), model built into the 
map (middle, ribbons), and schematic of one protomer (cartoon, right) is shown with mutations labeled as 
in panel (a). A composite map from locally refined and sharpened cryoEM maps is shown for EBV gB-
deliDoP-I5350A2h and EBV gB-deliDoP-I5350A2hN. Domain I (DI, blue), domain II (DII, green), domain 
III (DIII, yellow), domain IV (DIV, orange), domain V (DV, red), glycans (dark blue), oP3h (black), and 
I5350A2h (gray). (d) Comparison of the DV C-termini among EBV gB deliDoP-I5350A2h, CMV gB (PDB 
7kdp) and HSV1 gB (PDB 6z9m). (e) Comparison of the DI-DII relative orientation and intervening hinge 
among EBV gB deliDoP-I5350A2hN, EBV gB-deD prefusion and postfusion CMV (PDB 7kdp and 7kdd, 
respectively), and prefusion and postfusion HSV1 gB(PDB 6z9m and 5v2s, respectively). Black triangles 
show α-helically restructured hinge residues characteristic of the postfusion state; P: A293P mutation (f) 
Comparison of the organization of the DIII central helices among EBV gB-deD, EBV gB-deliDoP-
I5350A2h, EBV gB-deliDoP-I5350A2hN, prefusion CMV gB (PDB 7kdp), and prefusion HSV1 gB (PDB 
6z9m). 
 
A designed helical trimer stabilizing Domain V 
To further enhance the stability of DV, we computationally designed a seven residue 
trimerization motif, designated oP3h, to promote the formation of the C-terminal bundle (Fig 2a). 
To evaluate the ability of oP3h to stabilize well-characterized fusion proteins, we replaced the C-
terminal foldon trimer of the SARS-CoV-2 S-2P ectodomain55 with oP3h motifs with varying 
number of repeats (Fig 2b). Recombinant production yield was inversely correlated with the 
number of oP3h repeats with three repeats providing optimal balance for prefusion stabilization 
of S-2P trimers (Fig 2b and Extended Data Fig. 4a-h). CryoEM structure determination of the 
SARS-CoV-2 S-2P ectodomain with oP3h (three RINEIER or four RINAIET repeats) confirmed 
the predicted structure of oP3h and the accuracy of our designs (Fig 2c, Extended Data Fig. 
4i-j, and Table S3).  
 
We subsequently fused oP3h in-frame with the EBV gB DV C-terminus using the gB-deliD 
ectodomain, including substitutions that gradually transition DV to oP3h (herein gB-deliDo) (Fig 
2d). oP3h fusion effectively promoted formation of the Q527C-E634C intermolecular disulfide 
bond, as observed by non-reducing SDS-PAGE, consistent with DV adopting the prefusion 
conformation (Fig 2d). Given that gB-deliDo does not transition to the postfusion conformation 
(Extended Data Fig. 3f), increased DV stabilization compensates for the enhanced 
conformational freedom of DII resulting from the presence of the flexible loop-linker region. 
 
Domain I hinge stabilization in gB 
While gB-deD and gB-deliDo resist DV and DII refolding to the postfusion state, the cryoEM 
structure of gB-deD and the negative stain reconstruction of gB-deliDo feature DI pointing 
laterally away from the gB ectodomain, unlike the DI clamping of DV observed for prefusion 
CMV gB and HSV1 gB (Fig 1c, Extended Data Fig. 3g, and Extended Data Fig. 5). 
Comparing the relative orientation of DI and DII in gB-deD with that of prefusion and postfusion 
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CMV gB shows that DI has a postfusion-like orientation in which residues 290-295 adopt an ⍺-

helical conformation (Extended Data Fig. 5f-i). Analogous domain rotations between prefusion 

and postfusion states, including the ⍺-helical hinge restructuring, are conserved in distantly 
related Rhabdovirus class III fusion proteins56 (Extended Data Fig. 5j-k). A similar DI 
orientation and DI hinge structure are observed in a recent preprint describing disulfide stapling 
of CMB gB DV and DI.; This DI-DII relative orientation along with the absence of DV C-terminal 
bundling suggest a similar degree of stabilization to EBV gB-deD57. We hypothesized that the 
postfusion DI hinge is rigidly locked, whereas the extended conformation observed for the 
prefusion DI hinge enables rotation – consistent with a highly stable postfusion conformation 
and metastable prefusion conformation. Using ProteinMPNN53, the A293P mutation was 
selected to stabilize the prefusion-like DI hinge conformation. Consistent with decreased rigidity 
of the hinge, negative stain 2D classification and 3D reconstructions of gB-deliD or gB-deliDo 
harboring A293P (gB-deliDP and gB-deliDoP, respectively) show that DI is flexible in the 
prefusion and postfusion conformations (Fig 2f and Extended Data Fig. 3h). Just as DII and 
DV stabilization (gB-deliDo) does not prevent DI reorientation, the A293P substitution does not 
suppress large scale DII postfusion-like conformational changes (observed via negative staining 
EM), nor increased prefusion DV stability (observed via non-reducing SDS-PAGE analysis of 
Q527C-E634C bond formation) (Extended Data Fig. 3e-h). These data demonstrate that DI 
hinge conformational changes occur independently of DII and DV conformational changes in the 
gB ectodomain, defining DI rotation as a third fusogenic conformational change, separate from 
DII and DV flipping. 
 
A redesigned trimeric fusion enhances gB stabilization 
In the context of full length prefusion gB, the fusion loops are anticipated to be embedded in the 
viral envelope limiting the range of DI motion. To simulate the envelope-bound orientation of DI, 
we genetically inserted the I5350A trimeric fusion domain58 in the DI fusion loops using flexible 
linkers. CryoEM analysis of gB-deliDoP-I5350A revealed that the flexible linkers allowed I5350A 
to rotate markedly relative to gB (Fig 1c, Extended Data Fig. 2d, Extended Data Fig. 3j, and 
Table S2). To prevent this, I5350A was redesigned to harbor a structured and extendable link to 
DI (designated I5350A2h), and evaluated with the gB-deliDo and gB-deliDoP constructs (Fig 
2e-h, and Extended Data Fig. 3k-m). In the absence of the A293P mutation, we could not 
detect production of the gB-deliDo ectodomain fused to I5350A2h (Fig 2f), consistent with a 
rigid postfusion-like DI hinge positioning DI in a manner incompatible with the presence of the 
I5350A2h trimer. Conversely, in the presence of the A293P mutation, the EBV gB trimer folded 
as designed, enabling visualization of I5350A2h and of oP3h in the cryoEM structure of EBV 
gB-deliDoP-I5350A2h (Fig 2d, Fig 2h, Extended Data Fig. 3k, Extended Data Fig. 6a and 
Table S2) In the structure of EBV gB-deliDoP-I5350A2h, the diameter of I5350A2h positions DI 
too far apart for all DI domains to directly contact DIV and DV (Extended Data Fig 5l-o). As this 
interaction is observed in prefusion CMV gB and HSV1 gB, we removed four residues from the 
redesigned I5350A2h helices, thereby bringing DI closer to the rest of the trimer and reorienting 
the subsequent beta strands by ~30º. This trimeric fusion was designated I5350A2hN and 
enabled visualization of DI contacting DV and DIV in the cryoEM structure of EBV gB-deliDoP-
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I5350A2hN (Fig 2e-h, Extended Data Fig. 3n, Extended Data Fig 5l-o, Extended Data Fig. 
6b, and Table S2).  
 
The prefusion stabilized EBV gB trimer 
All key structural features in the EBV gB-deliDoP-I5350A2hN ectodomain matched the predicted 
prefusion EBV gB architecture (Fig 1c-e, Extended Data Fig. 1, and Extended Data Fig. 5). 
Comparing the structure of EBV gB-deliDoP-I5350A2hN to prefusion CMV gB and HSV1 gB 
structures reveals many similarities including the orientation of DII and the conformation of DV 
(Fig 1c,d). Furthermore, a 44º rotation of DI relative to DII occurs when comparing the EBV gB-
deliDoP-I5350A2hN and gB-deD structures, concurring with CMV and HSV1 gB prefusion and 
postfusion structures, which enables DI to clamp DV in prefusion gB (Fig 1d,e). The central 
helices of DIII from EBV gB-deliDoP-I5350A2hN are all tightly packed or closed coiled coils, as 
they are in the CMV gB prefusion structure40, which is distinct from the HSV1 gB prefusion 
structure where these helices are splayed open38(Fig 1f). This contrasts with the central helices 
of DIII from EBV gB-deD and EBV gB-deliDoP-I5350A2h, which adopt an intermediate state 
with two open and one closed DIII helix (Fig 1f), supporting a role for DI positioning in 
modulating the conformation of DIII. Overall, EBV gB-deliDoP-I5350A2hN is structurally similar 
to full length prefusion CMV gB and HSV1 gB (5.2 Å and 5.8 Å RMSDCɑ, respectively, compared 
to 6.1 Å RMSDCɑ for CMV gB vs HSV1 gB). The designed stabilization strategy enables 
recapitulating the key structural features anticipated for prefusion gB, validating this design, and 
creating a template for prefusion-stabilization of gB from related viruses.  

 
Figure 2. Design and validation of oP3h and I5350A2hN trimers for prefusion gB stabilization. (a) 
Wheel diagram (top) and AlphaFold2-predicted structure of the oP3h trimer, shown in ribbon 
representation with residues labeled (bottom). (b) Top, Coomassie stained SDS-PAGE of SARS-CoV-2 S 
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ectodomains with C-terminally fused foldon, one to six oP3h (RINEIER) repeats, or with four oP3h 
(RINAIET) repeats. Glycoproteins were expressed and purified in parallel and normalized to a standard 
volume for comparison of relative yields after affinity purification. Bottom, the proportion of S ectodomains 
(after affinity purification) that are clearly folded in the prefusion state, as determined by negative stain 2D 
classification. Exemplar prefusion 2D class averages are shown underneath. (c) CryoEM maps of SARS-
CoV-2 S-oP3h with three RINEIER (top) or four RINAIET (bottom) C-terminal repeats with each protomer 
colored distinctly. Insets show local refinement maps (mesh) and refined models (ribbons) encompassing 
the oP3h fusion. (d) Top, Coomassie stained non-reducing SDS-PAGE analysis of EBV gB deliD with (+) 
and without (-) oP3h. Bottom, cryoEM map (mesh) and model (ribbons) of the EBV gB deliDoP-I5350A2h 
domain V (DV) and oP3h fusion. (e) Design and AlphaFold2-predicted models of I5350A2h and 
I5350A2hN, showing the predicted relative orientation of DI to which they are fused. (f) Left, Coomassie 
stained non-reducing SDS-PAGE and 2D EM class averages of negatively stained gB-deliD ectodomains 
with (+) and without (-) oP3h, A293P (P), or I5350A2h. (g) Top, Schematic showing the addition of 1 
(center) or 4 (right) heptad repeats to the coiled coils of I5350A2h. Bottom, EM reconstructions of 
negatively stained EBV gB deliDoP-I5350A2h with heptad repeats added to the coiled coils of I5350A2h. 
(h) Local refinement cryoEM maps (transparent surface) and model (black ribbons) of the I5350A2h or 
I5350A2hN regions within EBV gB deliDoP-I5350A2h and EBV gB deliDoP-I5350A2hN, respectively; blue 
arrows, the relative orientation of DI. The diameter at which DI is held by I5350A2h or I5350A2hN is 
labeled on the right. 
 
A broadly applicable stabilization strategy  
Given the local structural conservation of the mutated regions in EBV gB-deliDoP-I5350A2h(N) 
with CMV gB and HSV1 gB, we hypothesized that this stabilization strategy would be applicable 
to other human-infecting Herpesviruses. Accordingly, the CMV, HHV6B, and HSV1 gB-deliDoP-
I5350A2h ectodomain trimers appear similar to that of EBV upon negative staining and 2D 
classification of EM data (Extended Data Fig. 7a,c and Extended Data Fig. 8a,c). We further 
found that a subset of these mutations—gB-deliD—were sufficient for prefusion-stabilization of 
the HSV1 gB ectodomain and partial stabilization of the VZV gB ectodomain (Extended Data 
Fig. 8a,c). The L687K mutation in DV was introduced into VZV gB-deliD to further hinder 
transition to the postfusion conformation through predicted charge repulsion effects expected to 
solely occur in the postfusion state (Extended Data Fig. 1b and Extended Data Fig. 8c). HSV1 
gB-deliD and VZV gB deliD formed dimers of prefusion trimers with their fusion loops oriented 
towards each other (Extended Data Fig. 8a,c and Fig 3g). CryoEM analysis of HSV1 gB-deliD, 
VZV gB-deliD + L689K, CMV gB-deliDoP-I5350A2h, HHV6B gB-deliDoP-I5350A2h confirmed 
folding in the prefusion conformation, as evidenced by the orientations of DI, DII, and DV (Fig. 
3, Extended Data Fig. 7, Extended Data Fig. 8, and Table S4). Collectively, these data show 
that the prefusion-stabilizing mutations designed here are broadly applicable to divergent 
Herpesvirus gBs from multiple subfamilies. 
 
Domain III occupies distinct conformational states 
The most obvious distinction between Herpesvirus prefusion gB ectodomains is the 
conformation of the DIII helices. While EBV gB-deliDoP-I5350A2h displays a two-closed/one-
open DIII conformation, EBV gB-deliDoP-I5350A2hN, CMV gB-deliDoP-I5350A2h, HHV6B gB-
deliDoP-I5350A2h, HSV1 gB-deliD, and VZV gB-deliD + L689K ectodomains adopt an all-
closed DIII conformation (Fig 3c,f,l), similar to the prefusion structure of full length CMV gB (Fig 
1f). HSV1 gB-deliD was also identified in a second conformation with all-open DIII helices (Fig 
3h,i), similar to the structure of full length prefusion HSV1 gB38 (Fig 1f). The observation that 
the CMV gB-deliDoP-I5350A2h and HSV1 gB-deliD ectodomains faithfully recapitulate the DIII 
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conformations observed in the corresponding full length glycoprotein structures is indicative of 
native folding of these constructs. 
 
Resolving the N-terminal antigenic site 
Density consistent with the previously unresolved N-terminal residues of gB from CMV, HSV1, 
and VZV was present in our cryoEM maps (Fig 3b,h,k). The CMV gB and HSV1 gB N-terminal 
residues are targeted by neutralizing antibodies and these residues are known to play a 
functional role in VZV gB-mediated membrane fusion32,37,59,60. For CMV gB-deliDoP-I5350A2h, 
this additional density was consistent with the predicted structure54 of residues 67-86, bound to 
DIV, and further supported by visualization of the N68 and N73 glycans in the cryoEM map (Fig 
3b). For HSV1 gB-deliD, this additional density was consistent with the predicted54 helical 
structure of residues 86-110, bound to the DI hinge (Fig 3h). In the low pH and postfusion HSV1 
gB structure, these residues adopt a markedly distinct conformation bound to DIV48, similar to 
the DIV-bound N-terminal residues of CMV gB-deliDoP-I5350A2h (Extended Data Fig. 9a). For 
VZV gB-deliD, the N-terminal region was resolved at high-enough resolution to enable de novo 
model building of residues 100-116, adopting a helical conformation and interacting with the DI 
hinge (Fig 3k). Numerous contacts between the VZV gB N-terminal helix and the DI hinge 
region support a role in stabilizing the prefusion hinge conformation (Fig 3k and Extended Data 
Fig. 9a,b), and the corresponding residue pairs remain complementary in HSV1 gB (Extended 
Data Fig. 9b). Mutation of the N-terminal VZV gB residues involved in this interaction 
(109KSQD112 to 109AAAA112) disrupt viral propagation37, underscoring the functional relevance of 
these contacts.  
 
gB-targeted neutralizing antibody mechanisms 
To provide insights into the mechanism of inhibition of gB-targeted neutralizing antibodies, we 
aligned available structures of antibody-bound postfusion gB to the prefusion gB structures 
described here. Comparing the prefusion and postfusion conformations of the N-terminal 
antigenic site, the 93k VZV neutralizing antibody35 would selectively prevent N-terminus binding 
to DIV but not to the DI hinge (Extended Data Fig. 9c). The 3A5 EBV neutralizing antibody34 
epitope overlaps with 93k and might function similarly (Extended Data Fig. 9c). Conversely, 
binding, restructuring, and sequestering of the N-terminal antigenic site by TRL345-like 
antibodies60–62 would prevent binding of the N-terminus to DIV or possible binding to the DI 
hinge60–62(Extended Data Fig. 9c). The CMV neutralizing antibodies, SM563 and 1G232, 
surround and contact the DI hinge and may thus block binding of the N-terminus or directly 
manipulate hinge conformation (Extended Data Fig. 9c). While EBV neutralizing antibody 
3A334 and HSV1 neutralizing antibody D4836 target DII, near the SM5 epitope, they do not 
approach the DI hinge (Extended Data Fig. 9c). Alternatively, it is expected that 3A3 would 
promote the all-closed conformation of gB by clashing with two adjacent open gB protomers 
(Extended Data Fig. 9c), while the D48 antibody would restrict the motion of the ⍺-helix 
between DII and the loop to DIII, impeding DII flipping (Extended Data Fig. 9c). This analysis 
supports that antibodies that neutralize Herpesviruses dysregulate key fusogenic conformational 
changes, including DIII closing, DI hinge restructuring, and DII flipping. 
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Figure 3. A broadly generalizable herpesvirus gB prefusion-stabilization strategy.  Structural 
analysis of CMV gB-deliDoP-I5350A2h (a-c), HHV6B gB-deliDoP-I5350A2h (d-f), HSV1 gB-deliD (g-i), 
and VZV gB-deliD + L687K (j-l). (a,d,g,j) Selected cryoEM 2D classes representing side- and top-views. 
For HSV1 gB-deliD (g) preferred particle orientation limited cryoEM 2D classes to top-views (bottom two 
panels), so the side-view from negative stain is also shown (top). (b,e,h,k) CryoEM maps (left) and ribbon 
diagrams of the corresponding model (right) with orthogonal views. The composite map of locally refined 
and sharpened cryoEM maps are shown for CMV and HHV6B-gB-deliDoP-I5350A2h (b,e), the locally 
refined and sharpened cryoEM maps are shown for HSV1 gB-deliD (h), and the sharpened cryoEM map 
is shown for VZV gB-deliD + L687K (k). Insets (right) show zoomed-in views of the N-terminal residues 
(black). (c,f,i,l) View of domain III (DIII, yellow) central helices and domain II (DII, green). Individual 
chains are labeled as closed or open by comparison with Fig 1f. The position of residue H516 is labeled 
for HSV1 gB-deliD. 
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Inference of the gB-mediated fusion mechanism  
The iterative process of gB prefusion-stabilization provided key insights into the mechanism of 
gB-mediated membrane fusion (Fig 4). For class III fusion proteins like gB, it has been 
presumed that the fusion loops reorient for insertion into the host membrane prior to structural 
rearrangements of the domain directly anchored to the viral membrane42,43. This would imply 
that DII rotates first, followed by DV (Fig 4a-c). However, our data show that DV can transition 
to a postfusion conformation even if DII does not (see gB-Δ, Fig 1c). In contrast, increased DV 
stability prevents DII from flipping, even with minimal DII restraint (see gB-deliDo, Extended 
Data Fig. 3e-f). These data suggest that DV reaches its postfusion conformation prior to DII 
during membrane fusion, concurring with the fact that DI (linked to DII) surrounds DV in all 
Herpesvirus postfusion gB structures (and distantly related Baculovirus and Thogotovirus class 
III fusion proteins) (Fig 4f and Extended Data Fig. 10). Therefore, EBV gB-Δ likely represents a 
conformational intermediate of the gB fusion reaction (Fig 4f). 
 
Given that DV is surrounded by DI in both prefusion and postfusion states, (Extended Data Fig. 
5), conformational changes leading to membrane fusion likely involve DI releasing prefusion DV. 
A DI conformation that releases its clamp on DV was observed in gB-deD and gB-deliDo 
ectodomains, with DI pointing laterally away from gB (Fig 1c, Extended Data Fig. 3g, and 
FigS6). Furthermore, DI reorientation would pull the fusion loops out of the viral envelope—a 
necessary step for fusion (Fig 4e). gB-deliDo may thus represent another conformational 
intermediate of the gB fusion reaction (Fig 1e and Fig 4e). Conformational changes induced by 
DI reorientation are not limited to the release of DV, as the DIII conformation is also changed in 
EBV gB-deliDoP-I5350A2hN relative to EBV gB-deliDoP-I5350A2h. 
 
Across prefusion-stabilized gB ectodomains, we observed the central DIII helices in open or 
closed conformations (Fig 1f and Fig 3c,f,i,l). As HSV1 gB-deliD can adopt all-open and all-
closed conformations, these structural rearrangements may be reversible for some viruses (Fig 
3h-i and Fig 4d). In HSV1 gB, the H516P mutation localizes to the central DIII helices (Fig 3g), 
where a proline substitution is anticipated to disrupt the helical secondary structure and DIII 
bundling39. Consistent with this possibility, the all-closed conformation was not observed for full 
length HSV1 gB with H516P, nor in VZV gB with the corresponding mutation38,39. Incompatibility 
with the all-closed conformation would explain the ability for this proline substitution to provide 
partial stabilization of HSV1 gB and VZV gB in the all-open prefusion state if the all-closed 
prefusion conformation was necessary for subsequent conformational changes. Indeed, 
postfusion DV binds along all-closed DIII helices implying that DV rearrangement depends on 
the all-closed conformation (Extended Data Fig. 1b).  
 
Overall, these findings support an alternate model of gB fusion in which prefusion gB may exist 
with open and closed conformations of the central helices (Fig 4d). DI hinge restructuring would 
rotate DI and release DV, while dislodging the DI fusion loops from the viral envelope (Fig 4e). 
Once the gB DIII helices are all-closed and DI has rotated, DV could flip to the post-fusion 
conformation, which would orient DI fusion loops for binding the host-membrane and dislodge 
the prefusion bound conformation of DII from DIII (Fig 4f). Finally, reassociation of DII with the 
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rest of the gB ectodomain in a postfusion conformation would pinch the viral and host 
membranes and promote fusion (Fig 4g). 
 

Figure 4. Anticipated and deduced 
molecular mechanisms of gB fusion. 
Domain I (DI, blue), domain II (DII, green), 
domain III (DIII, yellow), domain IV (DIV, 
orange), and domain V (DV, red) are shown, in 
addition to the loop between DII and DIII (black 
line), cytoplasmic and transmembrane portions 
of gB (grey), the viral envelope (light brown), 
and host membrane (dark brown). (a-c) 
Cartoon schematic of the anticipated 
mechanism of gB-mediated fusion at the outset 
of the study: starting from prefusion gB (a), DII 
flips about DIII, positioning DI to bind the host 
membrane, (b), and then DV flips about DIII, 
yielding the postfusion conformation while 
merging viral and host membranes (c). (d-g) 
The mechanism of gB-mediated fusion which is 
consistent with the analysis of gB ectodomains 
herein: prefusion gB DIII may exist in open 

and/or closed conformations, likely depending on the virus (d). The hinge between DI and DII restructures 
leading to DI rotation; thereby pulling the fusion loops from the viral envelope while releasing DV (e). DV 
refolds to its postfusion conformation and replaces DII on DIII, releasing DII. Since DV is anchored to the 
viral envelope, this conformational change reorients the entire ectodomain and positions the DI fusion 
loops for binding the host membrane (f). DII binds its postfusion interface on DIII, yielding the postfusion 
gB conformation (g). 
 
Discussion 
We leveraged machine-learning- and structure-guided approaches to stabilize the prefusion 
conformation of the EBV gB ectodomain, paving the way for its evaluation as a vaccine 
candidate. During this process, we stabilized conformational intermediates of EBV gB, 
suggesting a plausible mechanism of gB-mediated fusion that may extend to all class III viral 
fusion proteins. Additionally, we designed trimeric proteins to stabilize the metastable prefusion 
gB, demonstrating applicability to other fusion glycoproteins, as shown with SARS-CoV-2. 
Finally, we applied the designed prefusion-stabilizing mutations to CMV, HHV6B, HSV1, and 
VZV gBs, showcasing the generalizability of our approach and revealing conserved architectural 
principles among these viruses. The tools developed here provide a molecular blueprint for 
designing next generation Herpesvirus vaccines and antivirals to address major unresolved 
public health challenges. 
 
The conformational snapshots obtained suggest an alternative model of gB-mediated fusion 
involving movement of the central helices to the all-closed conformation and rotation of DI, 
followed by DV and subsequent DII rotation. Multiple checkpoints are a common theme across 
viral entry proteins, as they must exhibit exquisite control in the timing and specificity of the 
irreversible fusogenic conformational changes they undergo64. The open and closed gB 
conformations described here are reminiscent of those for the HIV-1 Env class I fusion protein, 
which exhibits similar structural rearrangements to host-receptor bound entry intermediates65–68. 
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Reminiscent of the rotation of gB DI, domain rotation exposing the fusion loops is observed in 
the class II fusion proteins of Flaviviruses, representing an immunogenic fusion intermediate 
triggered by low pH69–75. By analogy, these gB conformational changes may correspond to 
critical fusogenic triggers.  
 
Indeed, there are clues that DI hinge restructuring could be a key player in fusogenic triggering. 
While we show that the N-terminus of VZV and HSV1 gB is bound to the DI hinge, an alternate 
DIV-bound conformation was captured for HSV1 gB at low pH, which is a fusion trigger for this 
virus76,77. Therefore, we hypothesize that for at least alpha-Herpesviruses the N-terminus 
maintains the DI hinge in its prefusion state until fusogenic triggering. Interplay between DI 
hinge restructuring and the N-terminus would rationalize the mechanism of action of many 
known gB-targeting neutralizing antibodies: the VZV neutralizing antibody 93k35 and EBV 
neutralizing antibody 3A534 may prevent the N-terminus from binding to DIV 37, favoring the DI 
hinge-bound conformation and disrupting the transition to the postfusion conformation. 
Conversely, the DI and DII-targeted CMV neutralizing antibodies 1G2 and SM532,63, as well as 
the N-terminus-directed CMV neutralizing TRL345-like antibodies60, may block the N-terminus 
from binding the DI hinge and promote premature fusogenic triggering. Given that the prefusion-
stabilized EBV gB N-terminus was not resolved bound to the DI hinge and that the CMV gB N-
terminus in the DIV-bound conformation, virus- or condition-specific conformations and 
functions for the N-terminus remain to be investigated. 
 
The generalizability of the prefusion-stabilizing mutations identified here to alpha-, beta-, and 
gamma-Herpesvirus gB trimers indicate that the underlying molecular mechanism of gB 
mediated fusion is conserved across Herpesviruses. The observed conservation of structural 
features among other class III fusion proteins is consistent with a shared fusion mechanism, 
suggesting possible applicability of these mutations or of the design strategy to even more 
distant pathogens. Identifying a harmonized mechanism across class III fusion proteins 
positions us more favorably to efficiently develop stabilized class III fusion protein vaccine 
candidates for pandemic preparedness. Similar to the addition of prefusion-stabilizing proline 
mutations to the central helix of class I fusion proteins45,49,78, extrapolation of the strategies used 
to stabilize prefusion gB to more distantly related class III fusion proteins may prove invaluable 
for vaccine development across several viral families.  
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Methods 
 
Computational stabilization of gB and design of oP3h and I5350A2h 
Alphafold254 was used to predict the trimeric prefusion conformation structure of EBV gB using 
the prefusion conformation structure of CMV gB40 as a template. Using this structure, 
ProteinMPNN53 and Disulfide by Design 2.079 were used in parallel to identify stabilizing 
mutations, including the A293P and Q527C-E634C disulfide bond mutations in EBV gB. The 
relatively soluble HSV1 fusion loop residues were initially used in EBV gB ectodomains as 
previously described 80, but were replaced with ProteinMPNN53 optimized fusion loop mutations 
subsequent to the addition of I5350A2h. 
 
To design an ultrastable trimer that was narrow and short enough to fit partly in the interior of gB 
and not clash with additional stabilizing trimers, we iteratively cycled the coordinates of the 
GCN4 trimer (PDB 4dme) between ProteinMPNN and Alphafold253,54 to optimize the design until 
convergence on a three-helix bundle (designated optimized parallel 3-helix bundle, herein oP3h) 
harboring the RINEIER heptad repeat motif. These repeat sequences were predicted to tightly 
pack isoleucine side chains in the coiled-coil core with interdigitating arginine, glutamate, and 
asparagine side chains forming a network of salt bridges and hydrogen bonds at the periphery. 
During optimization, the heptad motif was adjusted to RINAIET to increase the surface 
presentation of hydrophobic moieties, anticipating hydrophobic interactions with the air-water 
interface may favor cryoEM particle views perpendicular to the C3 symmetry axis. To add oP3h 
to the coiled coils of SARS-CoV-2 S and EBV gB, the fusion protein coiled coil abcdefg repeats 
(where a and d are hydrophobic residues) were first matched to oP3h. While not necessary for 
all applications of oP3h, a smoother transition between the coiled coil of the fusion protein and 
oP3h was accomplished using mutations identified in ProteinMPNN53 and screened in 
Alphafold254 before adding to ectodomain constructs. 
 
To redesign the N- and C-termini of I5350A to create I5350A2h, RFDiffusion81 was first used to 
place de novo backbone residues with a regular secondary structure; cycling between 
ProteinMPNN and Alphafold253,54 was then used to identify residues that would promote 
formation of this structure. This enabled creating a helix-turn-helix, antiparallel coiled coil, and β-
strands that match strands of gB DI to I5350A. Similar to the repeats of oP3h, the use of a 
coiled coil in this design enabled extension of the structured link between gB and I5350A2h 
simply by adding heptad repeats: RIQELER repeats to the N-terminus of I5350A2h plus 
RLREEIN repeats to the C-terminus of I5350A2h. To further redesign I5350A2h to create 
I5350A2hN, the coordinates of EBV gB-deliDoP-I5350A2h were used with ProteinMPNN to 
optimize the coiled coil residues. Next, RFDiffusion81 was used to place the β-strands that 
match strands of gB DI in a direction ~30º tilted from the corresponding residues in I5350A2h. In 
the context of trimeric I5350A2h these residues point away from the C3 symmetry axis, while 
they point ~30º more parallel to this axis in I5350A2hN; consequently I5350A2hN was 
anticipated to position DI with a narrower diameter than I5350A2h. Cycling between 
ProteinMPNN and Alphafold253,54 was then used to identify residues that would promote 
formation of this structure. 
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Recombinant ectodomain production 
All ectodomains were produced in 25 mL culture of Expi293F Cells (ThermoFisher Scientific) 
grown in suspension using Expi293 Expression Medium (ThermoFisher Scientific) at 37°C in a 
humidified 8% CO2 incubator rotating at 130 rpm). Expi293F is a derivative cell line coming 
from the 293 cell line (Thermo Fisher). Cells grown to a density of 3 million cells per mL were 
transfected with the ExpiFectamine 293 Transfection Kit (ThermoFisher Scientific) and 
cultivated for four days at which point the supernatant was harvested. His-tagged ectodomain 
was purified from clarified supernatants using 2 mL of cobalt resin (Takara Bio TALON) plus 18 
µl 1 M CoCl2 to compensate for cobalt leaching away with the Expi293 Expression Medium, 
washing with 200 column volumes of 50 mM Tris-HCl pH 8.0, 150 mM NaCl, and 5 mM 
imidazole, and eluted with Tris-HCl pH 8.0, 150 mM NaCl, and 600 mM imidazole. Ectodomains 
were concentrated and buffer exchanged with Tris-HCl pH 8.0 and 150 mM NaCl using a 100 
kDa centrifugal filter (Amicon Ultra 0.5 mL centrifugal filters, MilliporeSigma). At this state, 
ectodomains were evaluated by negative stained EM (see below). Ectodomains selected for 
cryoEM analysis were further purified by size exclusion chromatography using a Superose 6 
increase 10/300 GL column (Cytiva) equilibrated in a buffer containing Tris-HCl pH 8.0 and 150 
mM NaCl, and concentrated using a 100 kDa centrifugal filter (Amicon Ultra 0.5 mL centrifugal 
filters, MilliporeSigma), and flash frozen with liquid nitrogen. 
 
Negative-stain EM sample preparation 
All constructs in this study were negatively stained at a final concentration of 0.01 mg ml−1 using 
Gilder Grids overlaid with a thin layer of carbon and 2% uranyl formate. Data were acquired 
using the Leginon software82 to control a Tecnai T12 transmission electron microscope operated 
at 120 kV and equipped with a Gatan 4K Ultrascan CCD detector. The dose rate was adjusted 
to 50 electrons per Å2 and each micrograph was acquired in 1 s. For each ectodomain, ~100 

micrographs were collected with a defocus range between −1.0 and −2.5 μm. Data were 

subsequently processed using CryoSPARC83. 
 
CryoEM sample preparation and data collection 
To prepare the CryoEM grids for all ectodomains, the following concentrations of proteins with 
(or without as indicated) detergent were prepared: 5 mg/mL EBV gB-deli with 0.02 % (w/v) 
fluorinated octyl-maltoside (FOM, Anatrace) detergent, 2 mg/mL EBV gB-Δ, 2 mg/mL EBV gB-
deD, 0.1 mg/mL EBV gB-deliDoP-I5350A, 3 mg/mL EBV gB-deliDoP-I5350A2h with 0.01 % 
(w/v) FOM, 5 mg/mL EBV gB-deliDoP-I5350A2hN with 0.02 % (w/v) FOM, 3 mg/mL CMV gB-
deliDoP-I5350A2h with 0.01 % (w/v) FOM, 3 mg/mL HHV6B gB-deliDoP-I5350A2h with 0.01 % 
(w/v) FOM, 0.5 mg/mL HSV1 gB-deliD, 1.25 mg/mL VZV gB-deliD + L689K, 1 mg/mL SARS-
CoV-2 S-2P + 3X-RINEIER, and 1 mg/mL SARS-CoV-2 S-2P + 4X-RINAIET. FOM was added 
as indicated to reduce issues of preferred orientation or unfolding at the air water interface. 
These solutions (3 µL) were added onto a freshly glow discharged 2.0/2.0 UltraFoil84 grid (200 
mesh), and plunge frozen using a vitrobot MarkIV (ThermoFisher Scientific) using a blot force of 

−1 and 6 second blot time at 100% humidity and 23°C. For EBV gB-deliDoP-I5350A, prior to 
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glow discharging the 2.0/2.0 UltraFoil84 grid (200 mesh) was manually overlaid with a thin layer 

of carbon. Data were acquired using the Leginon software82 to control an FEI Titan Krios 

transmission electron microscope operated at 300 kV equipped with a Gatan K3 Summit direct 

detector and Gatan Quantum GIF energy filter, operated in zero-loss mode with a slit width of 

20 eV. The dose rate was adjusted to 15 counts/pixel/s, and each movie was acquired in 75 

frames of 40 ms with pixel size 0.83 Å. Data were collected with a defocus range between −0.5 

and −2.8 μm. For EBV gB-deliDoP-I5350A, HSV1 gB-deliD, SARS-CoV-2 S-2P + 4X-RINEIER, 

and SARS-CoV-2 S-2P + 4X-RINAIET data were acquired using the Leginon software82 to 
control a Glacios transmission electron microscope equipped with a Gatan K3 Summit direct 
detector and operated at 200 kV. The dose rate was adjusted to 7.5 counts/pixel/s, and each 
movie was acquired in 100 frames of 50 ms with pixel size 0.89 Å. For EBV gB-deD, 3141 
movies were collected at 0º tilt, 3712 movies were collected at 15º tilt, 3783 movies were 
collected at 30º tilt, and 519 movies collected at 45º tilt. For HSV gB-deliD and VZV gB-deliD + 
L689K, data was collected at 30º tilt. All other datasets were collected as a single session 
without tilt. 
 
Overall CryoEM data processing 
For all datasets, movie frame alignment and pixel binning by 2-fold was initially carried out using 
Warp85, except for EBV gB-deD and EBV gB-deliDoP-I5350A, for which movie frame alignment 
was performed in CryoSPARC83 and 2-fold binning was performed at the particle extraction 
stage (for these datasets the maps were resolved better this way). For all datasets, estimation 
of the microscope contrast-transfer function parameters using Patch CTF, particle picking using 
Topaz86, and particle extraction was carried out in CryoSPARC83. Reference-free 2D 
classification was performed using CryoSPARC to select well-defined particle images. Ab initio 
structure reconstruction and non-uniform refinement in CryoSPARC were then performed, 
followed by 3D classification in Relion87 for EBV gB-deli, SARS-CoV-2 S-2P + 4X-RINEIER, 
SARS-CoV-2 S-2P + 4X-RINAIET, and VZV gB-deliD + L689K datasets. Alternatively, for EBV 
gB-deliD, EBV gB-deliDoP-I5350A2h, EBV gB-deliDoP-I5350A2hN, CMV gB-deliDoP-
I5350A2h, HHV6B gB-deliDoP-I5350A2h, and HSV1-deliD datasets, ab initio structure 
reconstruction with multiple classes followed by heterogeneous refinement was performed in 
CryoSPARC, as this yielded better resolved maps for these datasets. At this stage, particles 
were subjected to reference-based motion correction in CryoSPARC83 (for datasets with movie 
frames aligned in CryoSPARC83) or Bayesian polishing using Relion88 (for datasets with movie 
frames aligned in WARP) during which the pixels were unbinned. Reference-based motion 
correction/Polishing was not performed on the EBV gB-Δ and EBV gB-deliDoP-I5350A datasets, 
as this did not yield a better resolved maps. Another round of non-uniform refinement in 
CryoSPARC was performed concomitantly with global and per-particle defocus refinements as 
well as beam tilt refinement, parameters which were optimized for each dataset87,89. Reported 
resolutions are based on the gold-standard Fourier shell correlation (FSC) of 0.143 criterion and 
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Fourier shell correlation curves were corrected for the effects of soft masking by high-resolution 
noise substitution90,91.  
 
CryoEM data processing for local features 
For SARS-CoV-2 S-2P + 4X-RINEIER and SARS-CoV-2 S-2P + 4X-RINAIET datasets, a mask 
surrounding oP3h was generated in UCSF Chimera92, and used for local refinement of this 
region applying C3 symmetry in CryoSPARC83. For HSV1 gB deliD, map resolvability was best 
when all-open particles and all-closed particles were separated, but not when trimers and 
dimers of trimers were separated. UCSF Chimera92 was used to create a mask surrounding the 
region corresponding to an individual trimer, which was used for local refinement of this region 
applying C3 symmetry in CryoSPARC83. 
 
For refining the map of I5350A2h from EBV gB-deliDoP-I5350A2h, masks were created in 
UCSF Chimera92 surrounding the gB ectodomain and I5350A2h, these masks were used for 
multibody refinement followed by particle signal subtraction in Relion93 to remove signal from 
the gB ectodomain, and then the mask surrounding I5350A2h was used for local refinement of 
this region applying C3 symmetry in CryoSPARC83. For refining the map of DII-DV from EBV 
gB-deliDoP-I5350A2h, masks were created in UCSF Chimera92 surrounding the DII-DV from the 
gB ectodomain and DI with I5350A2h, these masks were used for multibody refinement followed 
by particle signal subtraction in Relion93 to remove signal from DI and I5350A2h, and then the 
mask surrounding DII-DV was used for local refinement of this region in CryoSPARC83. For 
refining the map of DIII-DV from EBV gB-deliDoP-I5350A2h, a mask of this region was created 
in UCSF Chimera92 and used to locally refine the particles from the local refinement of DII-DV 
above, applying C3 symmetry in CryoSPARC83. DI is framed by two semi-flexible pivot points 
and remains poorly resolved in EBV gB-deliDoP-I5350A2h maps, and it is too small for local 
refinement strategies on its own.  
 
For locally refining the map of EBV gB-deliDoP-I5350A2hN, masks were created in UCSF 
Chimera92 surrounding the gB ectodomain and I5350A2hN, these masks were used for 
multibody refinement followed by particle signal subtraction in Relion93 to remove signal from 
the gB ectodomain or I5350A2hN. Then a mask surrounding I5350A2hN or gB, was used for 
local refinement of this region applying C3 or C1 symmetry, respectively, in CryoSPARC83, 
yielding maps for I5350A2hN and the gB ectodomain. Finally, to improve the local resolution of 
DII-DV of EBV gB-deliDoP-I5350A2hN, a mask of this region was created in UCSF Chimera92 
and used to locally refine the particles from the local refinement of DI-DV above, applying C3 
symmetry in CryoSPARC83.  
 
For refining the map of DII-DV from CMV gB-deliDoP-I5350A2h, masks were created in UCSF 
Chimera92 surrounding the DII-DV from the gB ectodomain and DI with I5350A2h, these masks 
were used for multibody refinement followed by particle signal subtraction in Relion93 to remove 
signal from DI and I5350A2h, and then the mask surrounding DII-DV was used for local 
refinement of this region in CryoSPARC applying C3 symmetry83. As for EBV above, to 
modestly improve resolution of DI, UCSF Chimera92 was used to create a mask surrounding DII-
DV plus DI from two protomers and a mask surrounding the last DI with I5350A2h; these masks 
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were used for multibody refinement followed by particle signal subtraction in Relion93 to remove 
signal from I5350A2h, and then the mask surrounding DII-DV plus DI from two protomers was 
used for local refinement of this region in CryoSPARC83.  
 
For refining the map of DII-DV from HHV6B gB-deliDoP-I5350A2h, masks were created in 
UCSF Chimera92 surrounding the DII-DV from the gB ectodomain and DI with I5350A2h, these 
masks were used for multibody refinement followed by particle signal subtraction in Relion 93 to 
remove signal from DI and I5350A2h, and then the mask surrounding DII-DV was used for local 
refinement of this region in CryoSPARC applying C3 symmetry83. Though the ‘crown’ portion of 
DIII, DIV, and DV is visible in low-pass filtered maps, this region was not resolved otherwise, 
even in local refinements without applying symmetry.  
 
Cryo-EM model building and analysis 
For VZV gB-deliD, EBV gB-deli, EBV gB-deD, EBV gB-deliDoP-I5350A2h, and EBV gB-
deliDoP-I5350A2hN maps, EMready94 was used to improve map quality for model building; 
otherwise the unsharpened maps and locally sharpened maps were used for model refinement 
and deposition. Initial models of ectodomains were predicted using Alphafold254 and rigidly 
docked into corresponding maps in UCSF Chimera92. Models were then refined and rebuilt by 
iteratively cycling between Coot, ISOLDE, and Rosetta: Briefly, self-restraints between atoms in 
these models were created to maintain structured features prior to flexibly fitting the model 
coordinates to the map in Coot95,96. At this stage, ISOLDE97 (implemented in ChimeraX98) was 
used to relax the model into the map with an AMBER forcefield and remodel as necessary. 
Rosetta99,100 was then used to further optimize fit and geometry. Models were validated using 
MolProbity101, EMringer102, and Phenix103. Figures were generated using UCSF ChimeraX98 and 
UCSF Chimera92.  
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Table S2. Cryo-EM data collection, refinement and validation statistics for EBV gB constructs. 
   

gB-deli 
 

gB-Δ 
 

gB-deD 
 

gB- 
deliDoP 
-I5350A 

 
EBV gB-deliDoP-I5350A2h 

 
EBV gB-deliDoP-I5350A2hN 

Data collection 
and processing 

            

Magnification 
(nominal) 

130,000 130,000 130,000 45,000 130,000 130,000 

Voltage (kV) 300 300 300 200 300 300 
Electron exposure 
(e–/Å2) 

63 63 63 47 63 63 

Defocus range (μm) 0.3-2.0 0.3-2.0 0.3-2.0 0.3-2.0 0.3-2.0 0.3-2.0 
Pixel size (Å) 0.843 0.843 0.843 0.89 0.829 0.829 
              
Processing Type Global Global Global Global Global Local 

I5350A2
h 

Local 
gB DII-

DV 

Local 
gB DIII-DV 

Global Local 
I5350A2h

N 

Local 
gB DI-

DV 

Local gB 
DII-DV 

Symmetry imposed C3 C3 C1 C1 C1 C3 C1 C3 C1 C3 C1 C3 
Initial particle 
images (no.) 

88,939 135,291 1,129,6
00 

32,268 113,59
5 

64,249 64,249 64,249 287,619 155,157 155,157 155,157 

Final particle 
images (no.) 

22,385 56,843 324,509 18,033 64,249 64,249 64,249 64,249 155,157 155,157 155,157 155,157 

Map resolution (Å) 
  FSC threshold 

3.5 
0.143 

5.7 
0.143 

4.1 
0.143 

9.2 
0.143 

4.4 
0.143 

3.7 
0.143 

4.4 
0.143 

4.0 
0.143 

3.4 
0.143 

2.7 
0.143 

3.1 
0.143 

2.9 
0.143 

Map sharpening B 
factor (Å2) 

-94 -547 -168 -1001 -141 -125 -144 -138 -98 -96 -92 -85 

Model Refinement                         
Initial models used 
(PDB codes) 

3FVC 3FVC 3FVC - 3FVC; 7KDP 3FVC; 7KDP 

Model resolution (Å) 3.8 8.2* 6.8 - 6.6 3.8 4.7 1.5 3.5 2.8 3.4 3.0 
  FSC threshold 0.5 0.5 0.5 - 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Model composition                         
  Nonhydrogen 
atoms 

12,057 2,643 6,375 - 12,935 5,427 7,094 4,167 16,604 5,592 12,331 8,406 

  Protein residues 1,590 516 1083 - 2,470 774 1,109 636 2,409 762 1,624 1083 
  Glycan residues 24 3 13 - 27 0 20 3 39 0 36 24 
B factors (Å2)                         
  Protein 42 160 172 - 212 36 136 63 65 20 38 11 
  Glycans 48 140 167 - 246 - 140 74 105 - 58 19 
R.m.s. deviations                         
  Bond lengths (Å) 0.01 0.01 0.01 - 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
  Bond angles (°) 0.90 0.84 1.01 - 0.98 1.02 1.01 0.92 0.96 0.92 0.95 1.15 
Model Validation                         
MolProbity score 0.6 0.6 0.9 - 0.8 0.8 1.1 1.2 0.9 0.6 1.1 0.7 
Clashscore 0.2 0.3 1.8 - 0.9 0.8 2.4 3.8 1.7 0.4 2.9 0.7 
Rotamer outliers(%) 0.0 0.0 0.0 - 1.1 1.3 0.3 0.0 0.2 0.0 0.2 0.0 
Ramachandran plot                         
  Favored (%) 99 99 98 - 98 99 98 98 99 99 99 99 
  Allowed (%) 1 1 2 - 2 1 2 2 1 1 1 1 
  Outliers (%) 0 0 0 - 0 0 0 0 0 0 0 0 
EMRinger score 3.7 N/A* 2.4 - 2.2 3.0 2.9 3.2 3.9 3.9 3.7 4.4 
Data Availability                         
EMDB XXXX XXXX XXXX XXXX XXXX XXXX XXXX XXXX XXXX XXXX XXXX XXXX 
PDB XXXX XXXX XXXX - XXXX XXXX XXXX XXXX XXXX XXXX XXXX XXXX 
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 *most side-chains not built in model reducing reliability of EMRinger score and model resolution calculation
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Table S3. Cryo-EM data collection, refinement and validation statistics for SARS-CoV-2 S 2P oP3h constructs. 

  SARS-CoV-2 S 2P 
oP3h (3X RINEIER) 

SARS-CoV-2 S 2P 
oP3h (4X RINAIET) 

      

Data collection 
and processing 

    

Magnification 
(nominal) 

45,000 45,000 

Voltage (kV) 200 200 
Electron exposure 
(e–/Å2) 

47 47 

Defocus range 
(μm) 

0.3-2.0 0.3-2.0 

Pixel size (Å) 0.89 0.89 
      
Processing Type Global Local 

(oP3h) 
Global Local 

(oP3h) 
Symmetry imposed C3 C3 C3 C3 
Initial particle 
images (no.) 

59,434 34,709 120,164 86,822 

Final particle 
images (no.) 

34,709 34,709 86,822 86,822 

Map resolution (Å) 
  FSC threshold 

3.4 
0.143 

3.6 
0.143 

2.8 
0.143 

3.1 
0.143 

Map sharpening B 
factor (Å2) 

-85 -110 -85 -144 

          
Model Refinement         
Initial model used 
(PDB code) 

7LXY 7LXY 

Model resolution 
(Å) 

4.3 4.2 2.9 3.9 

  FSC threshold 0.5 0.5 0.5 0.5 
Model composition         
  Nonhydrogen 
atoms 

18,594 558 20,025 759 

  Protein residues 2,658 75 2,811 96 
  Glycan residues 42 0 42 0 
B factors (Å2)         
  Protein 33 33 31 19 
  Glycans 36 - 29 - 
R.m.s. deviations         
  Bond lengths (Å) 0.01 0.01 0.01 0.01 
  Bond angles (°) 1.0 0.9 1.0 0.8 
          
Model Validation         
MolProbity score 0.9 0.5 0.9 0.9 
Clashscore 1.3 0.0 1.4 1.9 
Rotamer outliers 
(%) 

0.4 0.0 0.5 0.0 

Ramachandran plot         
  Favored (%) 98 100 98 100 
  Allowed (%) 2 0 2 0 
  Outliers (%) 0 0 0 0 
EMRinger score 1.4 0.7 4.6 4.1 
          
Data Availability         
EMDB XXXX XXXX XXXX XXXX 
PDB XXXX XXXX XXXX XXXX 
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Table S4. Cryo-EM data collection, refinement and validation statistics for CMV, HHV6B, HSV1, and VZV gB constructs. 
  CMV gB-deliDoP 

I5350A2a 
HHV6B gB-deliDoP 

I5350A2a 
HSV1 gB-deliD VZV gB-

deliD 
          

Data collection 
and processing 

        

Magnification 
(nominal) 

130,000 130,000 45,000 130,000 

Voltage (kV) 300 300 200 300 
Electron exposure 
(e–/Å2) 

63 63 47 63 

Defocus range 
(μm) 

0.3-2.0 0.3-2.0 0.3-2.0 0.3-2.0 

Pixel size (Å) 0.829 0.829 0.89 0.843 
          
Processing Type Global Local 

gB DII-
DV 

Global Global Local 
(closed) 

Local 
(open) 

Global 

Symmetry 
imposed 

C1 C3 C3 C3 C3 C3 C3 

Initial particle 
images (no.) 

51,511 33,533 85,490 67,753 138,213 138,21
3 

251,305 

Final particle 
images (no.) 

33,533 33,533 67,753 67,753 43,635 40,021 48,271 

Map resolution 
(Å) 
  FSC threshold 

6.2 
0.143 

5.8 
0.143 

4.3 
0.143 

4.6 
0.143 

5.8 
0.143 

6.3 
0.143 

2.9 
0.143 

Map sharpening B 
factor (Å2) 

-461 -455 -113 -251 -362 -442 -96 

                
Model 
Refinement 

              

Initial model used 
(PDB code) 

7KDP 7KDP 6Z9M 7K1S 

Model resolution 
(Å) 

7.9* 7.2* 4.5* 6.7* 8.4* 8.4* 3.3 

  FSC threshold 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Model 
composition 

              

  Nonhydrogen 
atoms 

13,049 5,802 10,055 2,747 8,451 8,538 25,656 

  Protein residues 2,482 1086 1920 507 1650 1,632 3,342 
  Glycan residues 33 21 25 12 6 18 18 
B factors (Å2)               
  Protein 200 122 300 101 197 196 22 
  Glycans 233 117 388 100 202 217 25 
R.m.s. deviations               
  Bond lengths (Å) 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
  Bond angles (°) 1.02 0.96 1.09 1.02 0.98 1.09 0.95 
                
Model Validation               
MolProbity score 0.6 0.8 0.8 0.7 1.3 1.2 0.9 
Clashscore 0.4 0.7 1.1 0.7 1.3 1.7 1.6 
Rotamer outliers 
(%) 

0.0 0.0 0.0 0.0 2.6 2.4 0.5 

Ramachandran 
plot 

              

  Favored (%) 98 98 98 99 99 99 99 
  Allowed (%) 2 2 2 1 1 1 1 
  Outliers (%) 0 0 0 0 0 0 0 
EMRinger score N/A* N/A* N/A* N/A* N/A* N/A* 4.6 
                
Data Availability               
EMDB XXXX XXXX XXXX XXXX XXXX XXXX XXXX 
PDB XXXX XXXX XXXX XXXX XXXX XXXX XXXX 

*most side-chains not built in model reducing reliability of EMRinger score and model resolution calculation  
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Extended Data Figures 
 

 
 
Extended Data Figure 1. DI, DII, and DV changes between the Alphafold2 predicted prefusion gB (a) postfusion 
gB (b) and gB-Δ conformations, aligned to the central helices of DIII (c). Panels show the gB trimer (left) or a single 
protomer (right). Domain I (DI, blue), domain II (DII, green), domain III (DIII, yellow), domain IV (DIV, orange), domain V 
(DV, red). In the prefusion structure prediction, the loop between DII and DIII as well as the N-terminus (black) are shown; 
otherwise unmodeled regions are shown as dotted black lines. The distance the loop spans between rigidly structured 
elements is ~20 Å in the prefusion conformation and ~40 Å in the postfusion conformation. Insets show a cross-section 
through DIII, highlighting the relative positions of DII and DV bound to DIII in the prefusion and postfusion conformations. 
In the postfusion conformation, DV binds the bundled or closed central helices of DIII and occupies the former prefusion 
binding site of DII. Residue T630 in EBV gB (L687 in VZV gB) is labelled.  
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Extended Data Figure 2. CryoEM data processing flowcharts of EBV gB-deli (a), gB-Δ (b), gB-deliD (c), and gB-
deliDoP-I5350A (d) datasets. Representative electron micrograph and 2D class averages are shown at the start of the 
flowchart. At the end of the flowchart is the gold-standard Fourier shell correlation curve (0.143 cutoff: horizontal dashed 
line), angular distribution of particles (heat map), and local resolution estimation plotted on the maps (calculated in 
CryoSPARC). CTF: contrast transfer function; NUR: non-uniform refinement. 
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Extended Data Figure 3. Non-reducing SDS-PAGE, negative stain 2D classes and selected 3D maps of negatively 
stained EBV gB ectodomain constructs. (a-f, h-n) A summary of the construct is listed (left), as well as non-reducing 
SDS-PAGE (middle), and negative stain 2D classes (right). (g) Left, EBV gB-deliDo negative stain map reconstruction 
with the cryoEM structure of EBV gB-deD (black cartoon) rigidly fit into this map. Center, EBV gB-deliDP negative stain 
map reconstruction. Right, EBV gB-deli negative stain map reconstruction. Dashed lines highlight the DI orientation in gB-
deD, gB-deliDo, and gB-deli, and the apparent movement of DI in EBV gB-deliDP.  
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Extended Data Figure 4. Summary of negative stain EM and cryoEM data for SARS-CoV-2 S-2P – oP3h. (a-h) 
negative stain micrographs (top) and 2D classifications (bottom) of SARS-CoV-2 S-2P with the indicated C-terminal 
trimerization domains. (i-j) CryoEM data processing flowcharts of SARS-CoV-2 S-2P – oP3h (3X RINEIER) (i) and SARS-
CoV-2 S-2P – oP3h (4X RINAIET) (j) datasets. At the start of the flowchart, representative electron micrograph and 2D 
class averages of SARS-CoV-2 S ectodomains embedded in vitreous ice are shown. At the end of the flowchart is the 
gold-standard Fourier shell correlation curve (0.143 cutoff: horizontal dashed line), angular distribution of particles (heat 
map), and local resolution estimation plotted on the maps (calculated in CryoSPARC). At the bottom, the local refinement 
strategies employed for improving map resolution are also shown. CTF: contrast transfer function; NUR: non-uniform 
refinement.  
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Extended Data Figure 5. Comparing prefusion and postfusion hinge conformations with gB-deD. Domain I (DI, 
blue), domain II (DII, green), domain III (DIII, yellow), domain IV (DIV, orange), and domain V (DV, red) are shown as 
ribbons. (a-e) Side-view comparisons of prefusion CMV gB (a), prefusion HSV1 gB (b), the EBV gB-deD model 
determined herein (c), prefusion VSV G (d), and prefusion RABV G (e) highlighting how prefusion structures clamp or 
bind DV (Cter in VSV and RABV G). (f-k) Comparisons of DI hinge structure showing DI and DII (or FD and PHD for VSV) 
from prefusion CMV gB (f), prefusion HSV1 gB (g), the gB-deD model determined herein (h), postfusion EBV gB (i), 
prefusion VSV G (j), and postfusion VSV G (k). Insets show zoomed-in view of backbone atoms, plus disulfide bonds and 
prolines, highlighting the restructuring of prefusion and postfusion DI hinge residues. (l-o) Comparisons of gB cross-
sections showing DI in relation to DIV and DV, including EBV gB-deliDoP-I5350A2hN (l), EBV gB-deliDoP-I5350A2h (m), 
prefusion CMV gB (n), and prefusion HSV1 gB (o). 
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Extended Data Figure 6. CryoEM data processing flowcharts of EBV gB-deliDoP-I5350A2h (a) and EBV gB-
deliDoP-I5350A2hN (b) datasets. Representative electron micrograph and 2D class averages are shown at the start of 
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the flowchart. At the end of the flowchart is the gold-standard Fourier shell correlation curve (0.143 cutoff: horizontal 
dashed line), angular distribution of particles (heat map), and local resolution estimation plotted on the maps (calculated in 
CryoSPARC). This flowchart additionally has a summary of local refinement strategies employed for improving local map 
resolution. CTF: contrast transfer function; NUR: non-uniform refinement.  
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Extended Data Figure 7. Summary of negative stain EM and cryoEM data for CMV gB-deliDoP-I5350A2h (a-b) and 
HHV6B gB-deliDoP-I5350A2h (c-d). (a,c) non-reducing SDS-PAGE (left) and negative stain 2D classifications (right) of 
gB-deliDoP-I5350A2h ectodomains. (c,d) CryoEM data processing flowcharts of CMV gB-deliDoP-I5350A2h (b), and 
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HHV6B gB-deliDoP-I5350A2h (d) datasets. At the start of the flowchart, representative electron micrograph and 2D class 
averages of gB ectodomain particles embedded in vitreous ice are shown. At the end of the flowchart is the gold-standard 
Fourier shell correlation curve (0.143 cutoff: horizontal dashed line), angular distribution of particles (heat map), and local 
resolution estimation plotted on the maps (calculated in CryoSPARC). At the bottom, the local refinement strategies 
employed for improving map resolution are also shown. The Alphafold3 predicted structure of the N-terminus of CMV is 
shown beside the refined model for comparison 104. CTF: contrast transfer function; NUR: non-uniform refinement. (e) 
schematic of mutations used for CMV gB-deliDoP-I5350A2h and HHV6B gB-deliDoP-I5350A2h.  
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Extended Data Figure 8. Summary of negative stain EM and cryoEM data for HSV1 and VZV gB ectodomains. (a,c) 
non-reducing SDS-PAGE (left) and negative stain 2D classifications (right) of HSV1 and VZV gB ectodomains. Inset 
shows HSV1 gB-deliD negative stain map reconstruction with two copies of prefusion HSV1 gB (PDB 6z9m, blue and red 
ribbons) rigidly fit into the map. (c,d) CryoEM data processing flowcharts of HSV1 gB-deliD (c), and VZV-deliD + L689K 
(d) datasets. At the start of the flowchart, representative electron micrograph and 2D class averages of gB ectodomain 
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particles embedded in vitreous ice are shown. At the end of the flowchart is the gold-standard Fourier shell correlation 
curve (0.143 cutoff: horizontal dashed line), angular distribution of particles (heat map), and local resolution estimation 
plotted on the maps (calculated in CryoSPARC). At the bottom, the local refinement strategies employed for improving 
map resolution are also shown for HSV-1 gB-deliD. CTF: contrast transfer function; NUR: non-uniform refinement. (e) 
schematic of mutations used for VZV gB-deliD + L689K and HSV1 gB-deliD. 
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Extended Data Figure 9. Comparing structurally characterized neutralizing antibody binding sites to prefusion-
stabilized gB. (a) Structures of gB with the N-terminus (black ribbon) bound to DIV or the DI hinge; Domain I (DI, blue), 
domain II (DII, green), domain III (DIII, yellow), domain IV (DIV, orange), and domain V (DV, red) are shown as a ribbons. 
Shown are HSV1 gB, PRV (pseudorabies) gB, HSV1 gB-deliD, VZV gB-deliD, and CMV gB-deliDoP-I5350A2h. (b) 
Zoomed-in view of VZV gB deliD + L687K cryoEM structure, focusing on the N-terminal helix and DI hinge. Domains are 
colored as in a with key residues labeled. The lower left inset shows a schematic of the VZV gB N-terminal residues, with 
interacting residues. The lower right inset shows a schematic of the HSV1 gB N-terminal residues and residues aligning to 
the residues shown in the left inset for VZV gB. (c) Anti-gB neutralizing antibody structures, with the domains bound by 
these antibodies aligned to the prefusion conformation determined here, to show the epitopes bound in the prefusion 
conformation. Antibody variable domains shown as semi-transparent grey surfaces. The lower panels show a zoomed-in 
view of antibody interfaces, highlighting how these antibodies would constrain structural changes or prevent 
conformations of gB.  
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Extended Data Figure 10. Comparison of class III fusion protein postfusion structures. Postfusion structures shown 
as ribbons for EBV gB (a), CMV gB (b), VZV gB (c), HSV1 gB (d), PRV gB (e), Thogotovirus Gp (f), Baculovirus GP64 
(g), and VSV G (h). Domain I (DI, blue), domain II (DII, green), domain III (DIII, yellow), domain IV (DIV, orange), and 
domain V (DV, red) are shown as ribbons. Insets show a zoomed-in view highlighting DI and DV (FD and Cter for VSV).  
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