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A B S T R A C T   

Human norovirus virus-like particles (VLPs) are assumed to be morphologically and antigenically similar to 
virion particles. The norovirus virion is assembled from 180 copies of the capsid protein (VP1) and exhibits T = 3 
icosahedral symmetry. In this study, we showed that the vaccine candidate GII.4c VP1 formed T = 1 and T = 3 
VLPs, but mainly assembled into T = 4 icosahedral particles that were composed of 240 VP1 copies. In contrast, 
another clinically important genotype, GII.17, almost exclusively folded into T = 3 VLPs. Interestingly, the GII.4c 
T = 1 particles had higher binding capacities to norovirus-specific Nanobodies than to GII.4c T = 3 and T = 4 
particles. Our data indicated that the occluded Nanobody-binding epitopes on the T = 1 particles were more 
accessible compared to the larger T = 3 and T = 4 particles. Overall, this new data revealed that GII.4c VLPs had 
a preference for forming the T = 4 icosahedral symmetry and future studies with varied sized norovirus VLPs 
should take caution when examining antigenicity.   

1. Introduction 

Human norovirus is the leading cause of epidemics and pandemics of 
acute gastroenteritis. Infections often result in profuse vomiting, diar-
rhea, nausea, and fever, while infections in the young, elderly, and 
immunocompromised can be life threatening. Noroviruses are separated 
into at least ten genogroups (GI-GX), where GI, GII, and GIV mostly 
infect humans (Chhabra et al., 2019). The norovirus genogroups are 
further subdivided into abundant genotypes (at least 49), with most 
genotypes belonging to GII (currently 27). Notwithstanding the large 
genetic and antigenic diversity, a single genotype, i.e. GII.4, causes most 
pandemics. 

The norovirus virion contains 180 copies of a single capsid protein 
(VP1). VP1 is divided into a shell (S) domain and a protruding (P) 
domain, which are linked via a flexible hinge region (Prasad et al., 
1999). On the virus particle, VP1 folds into three quasiequivalent con-
formations (A, B, and C) that assemble into 60 A/B and 30 C/C dimers. 
The S domain forms a contiguous shell and protects the RNA, while the P 
domain represents the outermost part of the virion and contains the 
epitopes for binding co-factors and receptors. 

The VP1 gene can be expressed in insect or mammalian cells, which 
results in the formation of virus-like particles (VLPs) that are thought to 
structurally resemble the virion with a T = 3 icosahedral symmetry. 
These VLPs have allowed numerous studies on host binding factors, 

interactions with antibodies, and structural studies (Ajami et al., 2012; 
Baric et al., 2002; Bok et al., 2009; Hansman et al., 2006; Lindesmith 
et al., 2011, 2012, 2013). Indeed, histo-blood group antigens (HBGAs) 
and bile acids were shown to be important binding co-factors for human 
norovirus (Ettayebi et al., 2016; Hutson et al., 2002; Kilic et al., 2019a; 
Marionneau et al., 2002; Tan et al., 2003; Tan and Jiang, 2005). 

Recently, the GII.4 VLPs were discovered to mainly fold into particles 
with T = 4 icosahedral symmetry (Devant et al., 2019; Jung et al., 2019). 
These particles assemble with 240 copies of VP1 that exhibit four qua-
siequivalent conformations (A, B, C, and D), forming 60 A/B and 60 C/D 
dimers. The X-ray crystallography structure of GI.1 VLPs (T = 3 parti-
cles) indicated that the P domains were resting on the shell, whereas the 
cryo-EM structure of GII.10 VLPs (T = 3 particles) showed that the P 
domains were raised (~15 Å) off the shell (Hansman et al., 2012; Prasad 
et al., 1999). Recently, structural studies found that the GII.4 P domains 
(T = 4 particles) were raised ~21 Å off the capsid shell (Devant et al., 
2019; Jung et al., 2019). Moreover, a small cavity and flap-like structure 
in the T = 4 particles was observed in the shell, which was character-
istically contiguous in the T = 3 particles. 

Presently, several companies are evaluating an assortment of nor-
ovirus VLPs in vaccine trials (Bernstein et al., 2015; Blazevic et al., 2011; 
Leroux-Roels et al., 2018b; Malm et al., 2016; Kim et al., 2018). The 
most advanced candidate is in phase IIb and incorporates a bivalent 
formulation of GI.1 and GII.4 VLPs that are produced in the baculovirus 
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expression system (Bernstein et al., 2015; Leroux-Roels et al., 2018b). 
This combination of VLPs was designed to stimulate a broadly reactive 
antibody response against the antigenically distinct noroviruses. The 
GII.4 VLPs, termed GII.4c, were engineered with a consensus sequence 
of three prevalent GII.4 outbreak variants (Parra et al., 2012). This 
vaccine was able to elicit antibodies that are cross-reactive against 
noroviruses from different genogroups. However, the efficacy of the 
vaccine was only modest (Lindesmith et al., 2015; Parra et al., 2012). 

In this study, we expressed the vaccine GII.4c VP1 in both insect and 
mammalian cells in order to determine the cryo-EM structure of the 
VLPs. We also compared the structure of these VLPs with another 
prevalent genotype, GII.17, which has caused a number of epidemics 
(Chan et al., 2015; Fu et al., 2015; Lee et al., 2015; Matsushima et al., 
2015; Zhang et al., 2015). We found that the GII.4c VLPs mostly formed 
T = 4 icosahedral particles, although T = 1 and T = 3 particles were also 
produced. On the other hand, the GII.17 VLPs mainly formed T = 3 
particles, with only a small percentage of T = 1 particles. Interestingly, a 
binding profile of the GII.4c VLPs showed varied binding capacities to 
smaller and larger particles. Altogether, these new findings might have 
important implications for future vaccine evaluation studies. 

2. Materials and methods 

2.1. Expression and purification of VLPs in insect cells 

VLPs were expressed in the baculovirus system, as described in 
previously (Hansman et al., 2005, 2007) Briefly, a bacmid containing 
the VP1 gene for GII.4c (Parra et al., 2012) was transfected in Sf9 insect 
cells and the cells were grown for 5 days. The culture medium was 
collected and centrifuged at 3000 rpm for 10 min at 4 ◦C to remove the 
cells. The baculovirus in the supernatant was subsequently used for 
infection of HighFive (H5) insect cells. After expression for 5 days, the 
cells and the baculovirus were removed from the culture medium by 
centrifugation at 3,000 rpm for 10 min at 4 ◦C and then 6,500 rpm for 1 
h at 4 ◦C. The supernatant was centrifuged for at 35,000 rpm for 2 h at 4 
◦C to pellet the VLPs. Pellets were resuspended in phosphate buffered 
saline (PBS) and further purified using a CsCl equilibrium gradient. To 
remove CsCl from the solution, VLPs were pelleted at 40,000 rpm for 2 h 
at 4 ◦C (Beckmann TLA 55 rotor) and resuspended in PBS. 

2.2. Expression of VLPs in HEK-293T cells 

Cells were transfected with a plasmid containing the GII.4c VP1 gene 
(Parra et al., 2012) using lipofectamine. Puromycin was added for se-
lection of transfected cells 24 h after transfection. After 3 days of VLP 
production, the medium and cells were collected. Cells were pelleted by 
centrifugation, resuspended in PBS buffer and broken by sonication. The 
lysate was centrifuged for at 7,500 rpm for 30 min at 4 ◦C to remove the 
cell debris. VLPs were further purified using ultracentrifugation and 
CsCl equilibrium gradient as described above. 

2.3. Negative stain EM 

The morphology of the VLP samples was observed using negative 
stain EM. The sample was diluted to ~0.03 mg/ml in distilled water and 
added to EM grids. After a washing step, the sample was stained with 
0.75% uranyl acetate. Samples were analyzed using a Zeiss 900 electron 
microscope, operating with 80 keV acceleration voltage. Images were 
acquired at 50,000 × magnification. The heterogeneity of the VLPs was 
similar with different preparations. 

2.4. Cryo-EM sample preparation and data collection 

Purified VLPs were vitrified using a FEI Mark IV vitrobot. Samples 
were applied on glow discharged Quantifoil holey carbon support films 
(R0.6/1) and blotted for 20 s at 12 ◦C and 100% humidity. Data was 
collected at a Titan Krios microscope, equipped with a K3 direct electron 
detector at 64,000 × magnification; corresponding to a pixel size of 1.37 
Å/px. GII.17 VLP dataset was acquired with a K2 direct election detector 
at 130,000 × magnification and a pixel size of 1.08 Å/px. For data 
acquisition, the software Latitude S was used. 

2.5. Cryo-EM data processing 

Data was processed for icosahedral reconstruction using CryoSPARC 
Punjani et al., 2017. First, movies were averaged and corrected for beam 
induced motion using motioncor2 (Rubinstein and Brubaker, 2015), and 
defocus estimation was performed with ctffind4.1 (Rohou and Grigor-
ieff, 2015). Particles were picked automatically from the corrected 
frames. The particles were sorted in several 2D classification rounds to 

Table 1 
Data collection parameters of all datasets.   

GII.4c T=4 (H5) GII.4c T=3 (H5) GII.4c T=1 (H5) GII.4c T=4 (HEK-293T) GII.17 (H5) 

Microscope Titan Krios Titan Krios Titan Krios Titan Krios Titan Krios 
Camera K3 K3 K3 K3 K2 
Voltage (kV) 300 300 300 300 300 
Magnification 64,000 64,000 64,000 64,000 130,000 
Pixel size 1.37 1.37 1.37 1.37 1.08 
Electron dose (e-/Å2) 20 20 20 20 20 
Defocus range -0.5 to -3.0 -0.5 to -3.0 -0.5 to -3.0 -0.5 to -3.0 -0.5 to -3.0 
No. of micrographs 4,024 4,024 4,024 483 2,316 
No. of used particles 118,971 44,317 48,973 10,135 35,709 
Symmetry imposed I2 I2 I2 I2 I2 
Final resolution (Å, 0.143 FSC) 4.2 8.0 4.2 4.5 5.8 
Processing software Cryosparc2 Cryosparc2 Cryosparc2 Cryosparc2 Cryosparc2 
EMDB ID EMD-10755 EMD-10756 EMD-10757 EMD-10758 EMD-10759  
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Fig. 1. Size exclusion chromatography profiles of 
VLPs with corresponding negative stain images. 
Negative stain images were taken at 50,000 ×

magnification, the scale bar corresponds to 100 nm. 
(A) The size exclusion chromatography profile of 
GII.4c VLPs expressed in H5 insect cells shows two 
overlapping peaks, corresponding to T = 3/T = 4 and 
T = 1 icosahedral particles. (B) Size exclusion chro-
matography profile of GII.4c VLPs from HEK-293T 
cells showing only one peak of the T = 4 icosahe-
dral particles. (C) The size exclusion chromatography 
profile of GII.17 VLPs expressed in H5 insect cells 
shows a single peak, representing the T = 3 icosa-
hedral particles.   

J.M. Devant and G.S. Hansman                                                                                                                                                                                                             



Virology 553 (2021) 23–34

26

Fig. 2. Cryo-EM analysis of GII.4c 
VLPs. (A) Representative cryo-EM 
micrograph of GII.4c VLPs expressed in 
insect cell expressed, showing T = 1 
(blue arrow), T = 3 (green arrow), and 
T = 4 (black arrow) symmetric particles. 
The scale bar indicates 50 nm. (B) FSC 
curve indicating the resolution of the 
structures for T = 1 (blue), T = 3 
(green) and T = 4 (black) VLPs 
expressed in insect cell expressed. The 
red line indicates a FSC cut-off at 0.143, 
whereas the black line indicates a FSC 
cut-off at 0.5. (C) Representative cryo- 
EM micrograph of GII.4c VLPs 
expressed in HEK293-T cells. (D) FSC 
curve indicating the resolution of the 
structure for T = 4 VLPs expressed in 
HEK293-T cells. The red line indicates a 
FSC cut-off at 0.143, whereas the black 
line indicates a FSC cut-off at 0.5. (E) 
Representative micrograph of GII.17 
VLPs. (F) The FSC curve indicates a 
resolution of 5.8 Å at a cut-off of 0.143. 
(For interpretation of the references to 
color in this figure legend, the reader is 
referred to the Web version of this 
article.)   
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obtain a subset of homogenous particles. With the best subset, an initial 
model was generated for 3D refinement. For GII.4c VLPs produced in 
insect cells, 118,971 (T = 4) particles were used for refinement to 4.2 Å 
resolution, 44,317 (T = 3) particles were refined to 8.0 Å resolution, and 
48,971 (T = 1) particles resulted in a structure at 4.2 Å resolution. For 
HEK-293T produced GII.4c VLPs, icosahedral reconstruction of 10,135 
(T = 4) particles led to a structure at 4.5 Å resolution. The structure of 
GII.17 VLPs was solved to 5.8 Å resolution using 40,105 (T = 3) parti-
cles. All structures were deposited at the EMDB with the following IDs: 
EMD-10755 (GII.4c T = 4), EMD-10756 (GII.4c T = 3), EMD-10757 
(GII.4c T = 1), EMD-10758 (GII.4c T = 4 expressed in HEK-293T 

cells), and EMD-10759 (GII.17). For determination of resolution, the 
0.143 Fourier shell correlation (FSC) cut-off was used. The proportion of 
particles in the GII.4c insect cell-expressed dataset was calculated based 
on the particle number that was used for final reconstruction. Data 
collection and processing details are provided in Table 1. 

2.6. ELISA 

To determine the ability of antibodies and Nanobodies to bind these 
VLPs, direct ELISAs were performed. In this assay, 96-well plates were 
coated with VLPs for 1 h at 37 ◦C. Following a blocking step for 1 h at RT 

Fig. 3. Cryo-EM structure of GII.4c VLPs GII.4c VLPs expressed in insect cells. The T = 4, T = 3, and T = 1 icosahedral structures are colored by radius. (A) The 
structure of the GII.4c T = 4 icosahedral particles was solved to 4.2 Å resolution. These VLPs had an inner and outer diameter of 32 and 50 nm, respectively. The T =
4 VLPs assembled from 240 copies of VP1. An example of the flap and cavity region are shown with the arrow (B) The structure of the T = 3 icosahedral GII.4c VLP 
was solved to 8 Å resolution. The T = 3 icosahedral particles were formed from 180 copies of VP1 and exhibited inner and outer diameters of 23 and 46 nm, 
respectively. (C) The structure of T = 1 symmetric GII.4c VLPs was solved to 4.2 Å resolution. These particles assembled from 60 VP1 subunits with an outer diameter 
of 31 nm and an inner diameter of 13 nm. 
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with 5% skim milk in PBS, serially diluted antibodies or Nanobodies 
were added to the plate and incubated for 1 h at 37 ◦C. Bound Nano-
bodies were detected using horseradish peroxidase (HRP)-coupled α-His 
antibody, antibodies were detected with HRP-coupled α-rabbit anti-
body. Plates were developed with o-phenylenediamine and H2O2 (OPD 
buffer) in the dark. After incubation for 30 min, the reaction was stopped 
with 6% HCl. The signal was measured as absorption at 490 nm (OD490) 
with an iMark plate reader. Between all steps, plates were washed three 
times with PBS containing 0.1% Tween-20 (PBS-T). 

3. Results 

3.1. GII.4c VP1 expression in insect cells 

The GII.4c VLPs were produced in insect cells and purified using CsCl 
gradient ultra-centrifugation. Negative stain EM images revealed that 
the sample consisted of heterogeneous particles, but all assemblies 
showed the characteristic norovirus morphology with P dimer spikes. 
Initial EM analysis revealed that the three differently sized particles 
likely exhibited T = 1, T = 3, and T = 4 icosahedral symmetry (Fig. 1A). 
Our attempts to separate these different particles using sucrose gradient 
ultra-centrifugation and size exclusion chromatography were unsuc-
cessful and only the T = 1 particles were separated from the T = 3/T = 4 
particles (Fig. 1A). 

3.2. Cryo-EM structure of GII.4c T = 4 VLPs expressed in insect cells 

For structure determination using single particle cryo-EM, the 

heterogeneous sample containing T = 1, T = 3, and T = 4 VLPs was 
prepared. Particles of different sizes were separately picked and refined 
from the dataset (Fig. 2A) and the number of particles used for final 
reconstruction was used for calculation of VLP proportions. The largest 
amount of particles (~56%) exhibited T = 4 icosahedral symmetry and 
118,971 particles were refined to 4.2 Å resolution (Fig. 2B). The T = 4 
VLPs had an outer diameter of 50 nm and an inner diameter of 32 nm. T 
= 4 particles were assembled from four quasiequivalent VP1 confor-
mations (A, B, C, and D) and contained 240 copies of VP1, which formed 
60 A/B and 60 C/D dimers (Fig. 3A). The A subunits were located at the 
icosahedral five-fold axes, whereas B, C, and D subunits were alternating 
at the icosahedral two-fold axes. 

3.3. Cryo-EM structure of GII.4c T = 3 VLPs expressed in insect cells 

The T = 3 particles represented ~20% of the expressed VLPs and 
icosahedral averaging of 44,317 particles resulted in a structure of 8 Å 
resolution (Fig. 2A–B). The T = 3 particles contained 180 copies of VP1 
and the typical 60 A/B and 30 C/C dimers (Fig. 3B). The outer diameter 
of these VLPs was 46 nm, whereas the inner diameter was 23 nm. 

3.4. Cryo-EM structure of GII.4c T = 1 VLP expressed in insect cells 

For the T = 1 particles (~23% of particles), we found that only the 
shell domain was well resolved and 48,971 particles were refined to 4.2 
Å resolution (Fig. 2A–B). The particles were composed of 60 copies of 
VP1, which formed 30 A/B dimers (Fig. 3C). In this structure, the P 
dimers appeared as blurred densities, suggesting possible structural 

Fig. 4. Cryo-EM structure of GII.4c VLPs expressed in HEK-293T cells. (A) The cryo-EM structure of GII.4c VLPs produced in HEK-293T cells revealed particles 
with T = 4 icosahedral symmetry. An example of the flap and cavity region is shown with an arrow (B) Close-up view of the C/D dimer with NSW-2012 P domain 
fitted into the density. The hinge region was extended (black arrow) by ~20 Å. (C) Close-up view of the two-fold axis. As observed in the other T = 4 particles, the S 
domain was not continuous, but disrupted cavity and flap structures at the two-fold axes. 

J.M. Devant and G.S. Hansman                                                                                                                                                                                                             



Virology 553 (2021) 23–34

29

Fig. 5. Detailed view of the T = 4 and 
T = 3 GII.4c VLPs expressed in insect 
cells. (A) Close-up view of the T = 4 C/ 
D dimer, where the X-ray crystal struc-
ture of GII.4 NSW-2012 P domain (PDB 
ID: 4OOS, cartoon) was fitted into the 
cryo-EM density. The P dimers were 
raised ~20 Å from the shell via the 
extended hinge region (black arrow). 
(B) Close-up view of the two-fold axis of 
the T = 4 particle showing the flap and 
cavity on the S domain of the VP1 D 
subunit. (C) Close-up view on the T = 3 
C/C dimer with the fitted X-ray crystal 
showed the P domain was also raised off 
the shell (black arrow). (D) Close-up 
view the T = 3 particle icosahedral 
three-fold axis indicated a contiguous 
shell.   

Fig. 6. Cryo-EM structure of GII.17 VLPs expressed in insect cells. (A) The VLPs exhibited T = 3 icosahedral symmetry. The particles had an inner and outer 
diameter of 23 and 45 nm, respectively. (B) The close-up view of a C/C dimer shows that the P domain was raised up from the shell by ~20 Å (black arrow). The P 
domain density was fitted with the X-ray crystal structure of GII.17 P domain (5F4O). (C) A close-up view of a two-fold axis shows that the resolution of the S domain 
is limited, suggesting structural heterogeneity. 
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flexibility and lower stability than the T = 3 and T = 4 VLPs. The S 
domains were resolved well, indicating that this domain exhibited less 
structural flexibility. The T = 1 particles had an outer and inner diam-
eter of 31 and 13 nm, respectively. 

3.5. Cryo-EM structure of GII.4c T = 4 VLPs expressed in HEK-293T cells 

In order to better comprehend the formation of the T = 4 particles, 
we also expressed GII.4c VP1 in mammalian HEK-293T cells. The 
preparation appeared more homogenous than the insect cell-expressed 
VLPs (Fig. 1B). In negative stain EM images, the VLPs exhibited the 
typical norovirus morphology, with diameters that resembled the T = 4 
icosahedral capsid. The cryo-EM structure was resolved to 4.5 Å reso-
lution and verified that these particles exhibited the T = 4 icosahedral 
symmetry (Fig. 2C–D). The T = 4 particles consisted of four quasiequi-
valent VP1 conformations that formed 60 A/B and 60 C/D dimers 
(Fig. 4A). These T = 4 VLPs had an outer diameter of 50 nm and an inner 

diameter of 32 nm. 

3.6. Comparison of the GII.4c VLP structures 

Overall, the GII.4c T = 4 VLPs expressed in the different expression 
systems were structurally similar, with a cross-correlation coefficient of 
0.99. The P domains of the A/B and C/D dimers were raised off the shell 
~20 Å (Figs. 4B–5A). A cavity and flap-like structure that was associated 
with the S domain of the D subunit was also present in both structures 
(Fig. 4C and 5B). These features were likely the result of the S domain 
conformation of the C/D dimers that was convex instead of flat. Ulti-
mately, this disrupted the shell at the two-fold axes. These unique fea-
tures were also observed in other GII.4 VLP structures (Devant et al., 
2019; Jung et al., 2019). In both T = 4 structures, the P domain had a 
lower resolution than the S domain, suggesting high flexibility of the P 
domain compared to the rigid S domain. In the T = 3 icosahedral par-
ticles, the P dimers were raised off the shell ~20 Å (Fig. 5C), whereas the 
S domain at the icosahedral three-fold axes appeared contiguous, 
although this domain was not clearly resolved in the structure (Fig. 5D). 
In the T = 1 particle, the P domains, which appeared as blurred den-
sities, were separated from the S domains by a gap and this indicated 
that the P dimers were also raised off the shell (Fig. 3C). 

3.7. Cryo-EM structure of GII.17 VLPs expressed in insect cells 

In order to determine if other clinically important GII genotypes 
produced VLPs of different sizes, we expressed the GII.17 VP1 in insect 
cells (Chan et al., 2015). Size exclusion and negative stain EM analysis 
revealed a homogenous preparation of VLPs Fig. 1. A dataset of 40,105 
GII.17 particles led to a resolution 5.8 Å (Fig. 2E–F). In contrast to the 
GII.4 VLPs, the GII.17 VLPs mostly formed T = 3 icosahedral particles, a 
feature that was found in all analyzed GII.17 VLP preparations 
(Figs. 1C–2E). Only a small percentage (~1%, i.e. 408/40,513 particles) 
of GII.17 VLPs formed T = 1 VLPs. The T = 3 particles consisted of three 
quasiequivalent VP1 conformations (A, B, and C) and contained 180 
copies of VP1 that formed 60 A/B and 30 C/D dimers (Fig. 6A). These 
VLPs had an inner and outer diameter of ~23 and ~45 nm, respectively. 
Overall, the GII.17 VLPs closely resembled the GII.10 VLPs and GII.4c T 
= 3 particles, including the raised P dimers (Fig. 6B) (Hansman et al., 
2012). As observed in the GII.4c T = 3 assemblies, the resolution at the 
three-fold axes was limited compared to the resolution at the icosahedral 
five-fold axes (Fig. 6C). 

3.8. Antigenic comparison of differently sized particles 

In order to evaluate if differences in particle sizes translated into 
alterations in antigenicity, we performed ELISA studies with the GII.4c 
VLPs. The GII.4c T = 3 and T = 4 particles were tested as a mixture 
(termed T = 3/4) and were compared to the GII.4c T = 1 particles, as it 
was not possible to separate T = 3 from T = 4 particles. For this ELISA, 
we characterized the binding of a GII.4 polyclonal antibody (Sydney, 
2012 variant specific) and two Nanobodies (Nano-26 and Nano-85) that 
were well described (Koromyslova et al., 2017; Koromyslova and 
Hansman, 2015). The polyclonal antibody bound similarly to both T = 1 
and T = 3/4 particles (Fig. 7A). On the other hand, Nano-26 and 
Nano-85 both bound with a greater capacity to the T = 1 particles than 
the T = 3/4 particles (Fig. 7B and C). 

4. Discussion 

It is commonly assumed that norovirus VLPs are structurally similar 
to norovirus virion particles. Indeed, almost all vaccine trials have (i) 
incorporated norovirus VLPs and (ii) analyzed immune responses using 
VLPs without determining the VLP atomic structures (Bernstein et al., 
2015; Leroux-Roels et al., 2018b; Parra et al., 2012; Ramani et al., 
2017). In addition, most antibody and co-factor (i.e., HBGAs) binding 

Fig. 7. Antigenic comparison of T = 1 and T = 3/4 icosahedral GII.4c VLPs 
expressed in insect cells. (A) The polyclonal GII.4 UNSW-2012 specific anti-
body revealed similar binding curves for T = 1 and T = 3/4 icosahedral par-
ticles. (B) Nano-26 showed stronger binding to T = 1 icosahedral particles than 
T = 3/4 icosahedral particles. (C) Similarly, Nano-85 showed weaker binding 
capabilities to T = 3/4 icosahedral particles than to T = 1 icosahedral particles. 
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studies have trusted negative stain EM images for only the formation of 
intact norovirus VLPs (Bok et al., 2009; Huang et al., 2005; Lindesmith 
et al., 2015, 2019). Interestingly, a number of studies have actually 
detected particles of varied sizes, but found that virion and VLP binding 
were highly comparable, having similar antigenicity and binding ca-
pacities. In fact, antibody-based detection systems typically include 
polyclonal and/or monoclonal antibodies produced from VLP immuni-
zations. Yet, structural studies of these VLPs and minor binding dis-
crepancies using antibodies or Nanobodies among the differently sized 
VLPs are lacking. 

In the current study, we found that the GII.4c VLPs tested in clinical 
trials were not homogenous. We showed that expression of GII.4c VP1 in 
insect cells resulted in a mixture of T = 1, T = 3, and T = 4 icosahedral 
particles. The majority of the insect cell-expressed VLPs exhibited T = 4 
icosahedral symmetry. Likewise, the GII.4 VLPs expressed in the 
mammalian cells assembled with a T = 4 icosahedral symmetry. Several 
recent studies have also shown that GII.4 VLPs typically assembled into 
T = 4 icosahedral particles, whereas all other GI and GII genotypes 
mostly formed T = 3 icosahedral particles (Table 2). 

The reason why the GII.4 VP1 predominantly formed T = 4 icosa-
hedral symmetric particles is not entirely clear. However, earlier 
expression experiments with calicivirus VP1 have shown particle size 
can be altered with VP1 deletion mutants. Studies with lagovirus indi-
cated that the N-terminal region likely influenced the size of particles 
(Barcena et al., 2004; Luque et al., 2012). Conversely, a study with GI.1 
norovirus showed that the N-terminus did not influence the VLP size, but 
deletions at the C-terminus and within the P2 subdomain mediated an 
increase in particle size (Bertolotti-Ciarlet et al., 2002). 

Recently, several cryo-EM structures of norovirus VLPs were deter-
mined, including GI.1 GI.7, GII.2, and GII.4 (Devant et al., 2019; Jung 
et al., 2019) (Table 2). In all cases, the GII.4 particles had raised P dimers 
(T = 3 and T = 4 inclusive), whereas the GI.1, GI.7, and GII.2 VLPs (T =
3) had P dimers resting on the shell (Jung et al., 2019). Interestingly, GV 
murine norovirus virions were found with both raised and lowered P 
dimer conformations, although these states were influenced by 
co-factors and pH (Koromyslova et al., 2020; Sherman et al., 2019; 
Snowden et al., 2020; Song et al., 2019). The hinge region that connects 
the S and P domains is typically similar in length between GI and GII 
noroviruses. This suggests that human norovirus particles might move 
between the raised and lowered P dimer states, although direct evidence 
is currently lacking. As of yet, a structure of norovirus virions has not 
been determined. Therefore, the actual state of the GI and GII P dimers 
in a biological form, both before and after cell binding, remains 
uncertain. 

X-ray crystallography studies with HBGAs and bile acid have shown 

that the human norovirus P domains only undergo minor loop move-
ments upon binding (Kilic et al., 2019b; Koromyslova et al., 2015; Singh 
et al., 2015, 2016). The human norovirus P domain binds these 
co-factors on the top region, whereas murine norovirus P domain binds 
bile acid on the side region. In the case of murine norovirus, a number of 
P domain loop movements were observed upon co-factor binding 
(Nelson et al., 2018a). However, these loop movements did not appear 
to have any direct contacts with the shell domain, although long dis-
tance or indirect interactions may occur (Koromyslova et al., 2020). 
Importantly, we showed that blocking the lowering of the murine nor-
ovirus P dimers with specific Nanobodies could inhibit infection (Kor-
omyslova et al., 2020). 

In this study, we also examined how VLP size influenced binding to 
antibodies and Nanobodies using the GII.4c T = 1 and T = 3/4 particles. 
We found that the polyclonal antibody bound to the T = 1 and T = 3/4 
VLPs with similar binding capacities. This suggested that most poly-
clonal antibody epitopes on these particles were similarly exposed and 
available for binding. On the other hand, the Nanobodies showed a 
lower binding capacity to the T = 3/4 VLPs than the T = 1 VLPs. 

Our previous structural studies showed that these Nanobodies 
(Nano-26 and Nano-85) bound at occluded regions on the lower side and 
bottom of the P domains, respectively (Koromyslova et al., 2017; Kor-
omyslova and Hansman, 2015). This result suggested that these Nano-
bodies likely interacted with the hidden epitopes on the T = 1 particles 
with higher binding capacities than with the corresponding epitopes on 
the T = 3/4 particles. Docking of the X-ray crystal structures of the P 
domain-Nanobody complexes onto the cryo-EM densities of the T = 1, T 
= 3, and T = 4 particles indicated that the Nanobodies were further 
apart and less constricted at the 5-fold axis in the T = 1 particles (at full 
occupancy), compared to the T = 3 and T = 4 particles (Fig. 8). How-
ever, it should be noted that the low resolution of the T = 1 structure 
likely limited the precise fitting of these crystal structures. Nevertheless, 
these preliminary findings suggested that these occluded epitopes might 
be more accessible in T = 1 particles than the native and T = 4 particles. 
Taken together, these findings indicated that mixtures of differently 
sized particles might influence binding studies, especially if the pro-
portions of the differently sized VLPs were varied. 
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Table 2 
Summary of previously solved human norovirus VLP structures.  

Genotype 
Strain name 

Expression method Data Symmetry Resolution (Å) PDB or EMDB Reference 

GI.1 
Norwalk 

Insect cells X-ray crystallography T = 3 3.4 1IHM Prasad et al., 1999 

GI.1 
Norwalk 

Tobacco leaves Single particle cryo-EM T = 3 2.7 6OUT 
EMD-20199/EMD-20205 

Jung et al., 2019 

GI.7 
Houston 

Insect cells Single particle cryo-EM T = 3 2.9 6OU9 
EMD-20197/EMD-20198 

Jung et al., 2019 

GII.2 
SMV 

Tobacco leaves Single particle cryo-EM T = 3 3.1 6OTF 
EMD-20195 

Jung et al., 2019 

GII.2 
SMV 

Tobacco leaves Single particle cryo-EM T = 1 2.7 6OUC 
EMD-20201/EMD-20202 

Jung et al., 2019 

GII.10 
Vietnam 026 

Insect cells Single particle cryo-EM T = 3 10 EMD-5374 Hansman et al., 2012 

GII.4 
NSW-2012 

Insect cells Single particle cryo-EM T = 4 7.3 EMD-4550 Devant et al., 2019 

GII.4 
CHDC-1974 

Insect cells Single particle cryo-EM T = 4 6.1 EMD-4549 Devant et al., 2019 

GII.4 
Minerva 

Tobacco leaves Single particle cryo-EM T = 4 4.1 6OUU 
EMD-20206 

Jung et al., 2019  
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Fig. 8. Model of Nanobodies binding to GII.4c VLPs. X-ray crystal structures of P domain in complex with Nano-26 (PDB ID: 5O04) and Nano-85 (PDB ID: 4X7D) 
docked into the cryo-EM GII.4c densities. Nanobodies are colored cyan (Nano-26) and orange (Nano-85). In smaller particles, the P domains were located further 
apart from each other, which could indicate less constriction on the occluded binding sites of the Nanobodies. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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