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ABSTRACT Noroviruses are the leading cause of outbreaks of acute gastroenteritis. These
viruses usually interact with histo-blood group antigens (HBGAs), which are considered
essential cofactors for norovirus infection. This study structurally characterizes nanobodies
developed against the clinically important GII.4 and GII.17 noroviruses with a focus on the
identification of novel nanobodies that efficiently block the HBGA binding site. Using
X-ray crystallography, we have characterized nine different nanobodies that bound to the
top, side, or bottom of the P domain. The eight nanobodies that bound to the top or side
of the P domain were mainly genotype specific, while one nanobody that bound to the
bottom cross-reacted against several genotypes and showed HBGA blocking potential.
The four nanobodies that bound to the top of the P domain also inhibited HBGA binding,
and structural analysis revealed that these nanobodies interacted with several GII.4 and
GII.17 P domain residues that commonly engaged HBGAs. Moreover, these nanobody
complementarity-determining regions (CDRs) extended completely into the cofactor pockets
and would likely impede HBGA engagement. The atomic level information for these nano-
bodies and their corresponding binding sites provide a valuable template for the discovery
of additional “designer” nanobodies. These next-generation nanobodies would be designed
to target other important genotypes and variants, while maintaining cofactor interference.
Finally, our results clearly demonstrate for the first time that nanobodies directly targeting
the HBGA binding site can function as potent norovirus inhibitors.

IMPORTANCE Human noroviruses are highly contagious and a major problem in closed
institutions, such as schools, hospitals, and cruise ships. Reducing norovirus infections is
challenging on multiple levels and includes the frequent emergence of antigenic variants,
which complicates designing effective, broadly reactive capsid therapeutics. We successfully
developed and characterized four norovirus nanobodies that bound at the HBGA pockets.
Compared with previously developed norovirus nanobodies that inhibited HBGA through
disrupted particle stability, these four novel nanobodies directly inhibited HBGA engagement
and interacted with HBGA binding residues. Importantly, these new nanobodies specifically
target two genotypes that have caused the majority of outbreaks worldwide and conse-
quently would have an enormous benefit if they could be further developed as norovirus
therapeutics. To date, we have structurally characterized 16 different GII nanobody com-
plexes, a number of which block HBGA binding. These structural data could be used to
design multivalent nanobody constructs with improved inhibition properties.
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Human norovirus was discovered over half a century ago (1), and yet, there are still no
available vaccines, antivirals, or treatments. Noroviruses are highly contagious, infecting

all age groups, and infection can result in a sudden onset of diarrhea, severe vomiting, nausea,
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and fever. Noroviruses infect ;685 million people each year worldwide, killing more than
220,000 (2). Noroviruses cause major economic losses (e.g., outbreaks in hospital wards and
cruise ships) estimated at $60US billion per year globally (2).

Human noroviruses have a single-stranded, positive sense RNA genome of ;7.7 kb.
The norovirus genome contains three open reading frames (ORFs), where ORF1 encodes
the nonstructural proteins and includes the protease and RNA-dependent RNA polymerase
(RdRp), ORF2 encodes the capsid protein (VP1), and ORF3 encodes a small protein (VP2).
Human noroviruses are divided into at least 10 genogroups (GI to GX), with GI and GII
causing most human infections, while GIV, GVIII, and GIX are less prevalent in humans (3).
These genogroups are further subdivided into genotypes and variants. The GII genotype 4
(GII.4) noroviruses have caused the vast majority of outbreaks in the past decade worldwide
and evolve ;5% every other year, although several other genotypes (e.g., GII.3 and
GII.17) emerged recently as clinically relevant noroviruses causing large outbreaks around
the world (4). This significant genotype and antigenic diversity cause enormous challenges
for both universal vaccine and therapeutic discovery.

Expression of the capsid VP1 gene in insect and mammalian cells leads to the self-
assembly of norovirus virus-like particles (VLPs) that are morphologically and antigenically
similar to native virions and are composed of 90 copies of VP1 (5). These VLPs have been
instrumental in the development of antibody reagents and vaccine candidates and for
studying host tropism. The VP1 is divided into two domains, namely, shell (S) and protruding
(P), where the S domain surrounds the viral RNA and the P domain, which can be further
subdivided into P1 and P2 subdomains, contains the determinants for cofactor binding and
antibody recognition (5). The capsid P domain engages histo-blood group antigens (HBGAs;
two sites per P domain dimer), which are recognized cofactors and are essential for most
norovirus infections (6). Based on the ABH- and Lewis-HBGA types, at least nine different
HBGA types were found to interact with human noroviruses, although HBGA types and bind-
ing sites can vary among genogroups and genotypes (7–9). In addition to HBGAs, bile acid
was found to be vital or to enhance human norovirus replication in cell culture for certain
norovirus genotypes and is considered another important cofactor (10–12). Moreover, we
reported recently the bile acid binding site for GII.1, GII.10, and GII.19 and showed that bile
acid binding to the capsid is critical for HBGA engagement for GII.1 noroviruses (13, 14). The
precise bile acid binding sites for other norovirus genotypes remain unknown.

Presently, several companies are evaluating norovirus VLPs in vaccine trials, which
are reviewed in reference 15. The most advanced VLP candidates are in phase IIb and incorpo-
rate a bivalent formulation of GI.1/GII.4c VLPs. This vaccine candidate was able to elicit anti-
bodies that are cross-reactive against noroviruses from different genogroups; however, the
efficacy of the vaccine was only modest (16). Currently, as the complete human norovirus
receptor repertoire remains unknown, antiviral development is focused largely on the capsid
protein, specifically targeting the HBGA binding pocket to inhibit attachment and entry (17). A
number of studies have identified norovirus-specific antibodies that interfere with HBGA bind-
ing and treatment, and several of these antibodies are linked with a decreased risk of infection,
which is reviewed in reference 18. One recent study examined serum from vaccinated patients
and characterized one neutralizing antibody that also blocked the HBGA binding pocket (19).
Other groups have screened drug libraries and natural compounds for capsid inhibitors (17,
20–24). We have identified various HBGA blocking inhibitors, including human milk oligosac-
charides (HMOs), citrate, and natural extracts (25–29).

These promising results suggest that therapeutics obstructing the HBGA binding site
have the potential to act as antivirals and have led us to develop norovirus nanobody-based
inhibitors. Nanobodies are ;15-kDa single-domain antibodies with three complementarity-
determining regions (CDRs) that benefit from strong-antigen binding affinities, can bind
to cryptic sites on virus particles, and have low immunogenicity (30). Importantly, thera-
peutic nanobodies show promising results as antiviral agents for influenza virus, human
respiratory syncytial virus, and SARS-CoV-2 (31–33). Previously, we characterized several
GII.10 nanobodies that blocked norovirus VLPs from binding to HBGAs (34). We found
that the nanobody binding epitopes were positioned at a critical cryptic and vulnerable
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region located between the S and P domains and showed that nanobody engagement
disrupted VLP stability and resulted in VLP disassembly and aggregation (34, 35).

The current study sought to identify nanobodies that efficiently prevent GII.4 and GII.17
VLPs from binding to HBGAs and to determine the nanobody binding sites using X-ray crys-
tallography. We discovered a number of nanobodies that have HBGA-blocking capacities
and showed that four nanobodies completely blocked the GII.4 and GII.17 HBGA binding
sites. These new findings are critical for understanding neutralizing mechanisms with nano-
bodies that directly inhibit the HBGA cofactor binding site and have the exciting potential to
be further developed into norovirus therapeutics.

RESULTS

In this study, we analyzed nine new norovirus-specific nanobodies that were produced
in alpaca against norovirus VLPs representing two clinically important GII genotypes, namely,
GII.4 Sydney-2012 (NB-30, NB-53, NB-56, NB-76, and NB-82) and GII.17 Kawasaki308 (NB-2,
NB-7, NB-34, and NB-45). These nine nanobodies were chosen based on the amino acid vari-
ation in the CDRs with an overall sequence identity ranging between 62 and 82%. In order
to compare these nine nanobodies with previously reported norovirus nanobodies and
monoclonal antibodies, the binding interactions, HBGA blocking capacities, and X-ray crystal
structures were analyzed using established methods (34–37).

Nanobody binding specificities. The GII.4 and GII.17 nanobody binding specific-
ities were analyzed initially using a direct enzyme-linked immunosorbent assay (ELISA)
with the corresponding immunization VLP antigens as described previously for GI.1
and GII.10 nanobodies (34, 37). All five GII.4 nanobodies bound to the GII.4 Sydney-
2012 VLPs (Fig. 1A). NB-56 showed the strongest binding and at the lowest concentra-
tion (0.05 mg/mL) with a maximum signal (optical density at 490 nm [OD490], 3.5).
NB-82 also exhibited strong binding over the dilution range with an OD490 of 2.0 at the
lowest nanobody concentration. Likewise, NB-30 and NB-53 showed strong binding
with an OD490 of 0.8 and 1.0, respectively, at the lowest nanobody concentration. NB-76
reached the cutoff at a concentration of 0.38 mg/mL. All four GII.17 nanobodies bound to
the GII.17 Kawasaki308 VLPs (Fig. 1B). The strongest binders were NB-34 and NB-45, with an
OD490 of 0.8 and 0.6, respectively, at the lowest nanobody concentration. NB-7 and NB-2
reached the cutoff at a concentration of 1.56 and 0.78mg/mL, respectively.

Nanobody cross-reactivity. Nanobody cross-reactivities were analyzed with a panel of
VLPs from GI and GII (i.e., GI.1, GI.11, GII.1, GII.4, GII.10, and GII.17) and five different GII.4 variants
(89.61 to 98.7% amino acid identity) as described previously (38). NB-30, NB-76, and NB-82
were mainly GII.4 Sydney-2012 specific, whereas NB-56 was able to bind strongly to all GII.4 var-
iants (Fig. 2A). NB-53 and NB-56 showed weak cross-reactivity with GII.17 VLPs. Three GII.17

FIG 1 ELISA was performed to determine nanobody binding to VLPs. All experiments were performed in triplicate, and the standard deviation
is shown. The cutoff value was set at an OD490 of 0.15 (dashed line). (A) GII.4 nanobodies binding to GII.4 Sydney-2012 VLPs, where NB-56
strongly bound to GII.4 VLPs at all dilutions, followed by NB-82, NB-53, NB-30, and NB-76. (B) GII.17 nanobodies binding to GII.17 Kawasaki308
VLPs, where NB-45 strongly bound to GII.17 VLPs at all dilutions, followed by NB-34, NB-2, and NB-7.
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nanobodies (NB-2, NB-7, and NB-45) were genotype specific, whereas NB-34 cross-reacted
strongly with GII.1, GII.4, GII.10, and GII.17 VLPs (Fig. 2B).

HBGA blocking properties of nanobodies. In order to determine the HBGA blocking
potential of the nanobodies, a well-established surrogate HBGA neutralization assay was per-
formed using GII.4 and GII.17 VLPs (19, 34, 37, 39, 40). For GII.4 nanobodies, we found that

FIG 2 Nanobody cross-reactivities were analyzed using a panel of GI and GII noroviruses in direct ELISA. The results are
colored on the heatmap schematic, where the OD492 of 3.0 represents strong binding (red) and an OD492 of 0 represents no
binding (white). (A) The GII.4 nanobodies were mainly GII.4 specific. NB-56 bound to five different GII.4 variants (i.e., GII.4c, CHDC,
Saga, Yerseke, and Sydney-2012), whereas NB-30, NB-53, NB-76, and NB-82 all detected GII.4 Sydney-2012 VLPs and weakly
detected several GII.4 variants. (B) NB-34 detected GII.1, GII.4, and GII.10 VLPs, whereas NB-7, NB-2, and NB-45 detected only GII.17
VLPs. Of note, for GII.17 nanobodies, only GII.4 Sydney-2012 VLPs were examined.

FIG 3 Nanobody inhibition of VLP attachment to porcine gastric mucin (PGM). VLPs were preincubated
with serially diluted nanobodies and added to PGM-coated plates to analyze the ability for the nanobodies
to block VLP binding to HBGAs. (A) For the GII.4 nanobodies, NB-53 (IC50, 0.76 mg/mL), NB-56 (IC50,
0.26 mg/mL), and NB-76 (IC50, 1.417 mg/mL) showed a dose-dependent inhibition, whereas NB-30 and NB-
82 IC50 values were not calculated since the inhibition was below 50% for all dilutions. (B) For the GII.17
nanobodies, NB-45 showed the lowest IC50 value (0.46 mg/mL), followed by NB-2 (IC50, 0.84 mg/mL), NB-7
(IC50, 0.88 mg/mL), and NB-34 (IC50 = 15.33 mg/mL).
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NB-56 had the strongest HBGA blocking capacity with a half-maximal inhibitory concentra-
tion (IC50) of 0.26mg/mL, followed by NB-53 (IC50, 0.76mg/mL) and NB-76 (IC50, 1.42mg/mL)
(Fig. 3A). The IC50 for NB-30 and NB-82 could not be calculated since the HBGA inhibition
was below 50% for all dilutions. For GII.17 nanobodies, NB-45 showed the strongest blocking
capacity with an IC50 of 0.46 mg/mL, followed by NB-2 (IC50, 0.85 mg/mL), NB-7 (IC50,
0.88 mg/mL), and NB-34 (IC50, 15.33 mg/mL) (Fig. 3B).

Thermodynamic properties. The thermodynamic properties of nanobodies binding
to GII.4 Sydney-2012 and GII.17 Kawasaki308 P domains were analyzed using isothermal
titration calorimetry (ITC). Titrations were performed at 25°C by injecting consecutive
aliquots of 100 mM nanobodies into 15 mM P domain (Fig. 4 and 5). The stoichiometry
indicated the binding of one nanobody molecule per P domain monomer. Most of the
nanobodies (NB-53, NB-76, NB-82, NB-2, NB-7, NB-34, and NB-45) exhibited exothermic
binding, while NB-30 and NB-56 were characterized by a positive enthalpy change asso-
ciated with an endothermic type of reaction. The binding constants, namely, dissociation
constant (Kd), heat change (DH), entropy change (DS), and change in free energy (2TDG),
are summarized in Table 1. All the nanobodies bound tightly to the P domain, with the Kd
ranging between 3.8 nM and 180 nM.

FIG 4 Thermodynamic properties of GII.4 nanobody binding to GII.4 Sydney-2012 P domain. The binding constants
are dissociation constant (Kd; M), heat change (DH; cal/mole), entropy change (DS; cal/mole/deg), and change in
free energy (DG, cal/mol). Titrations were performed at 25°C by injecting consecutive (2 to 3 mL) aliquots of
nanobodies (100 mM) into the GII.4 P domain (10 to 20 mM) in 120-s intervals. Examples of the titration (top
panel) of Nanobodies to norovirus P domain are shown for NB-30 (A), NB-53 (B), NB-56 (C), NB-76 (D), and NB-82
(E). The binding isotherm was calculated using a single binding site model (bottom panel).
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X-ray crystal structures of norovirus P domain and nanobody complexes. The
structures of the GII.4 Sydney-2012 P domain in complex with NB-30, NB-53, NB-56,
NB-76, and NB-82 and of the GII.17 Kawasaki308 P domain in complex with NB-2, NB-7,
and NB-45 were solved using X-ray crystallography (Table 2 and 3). In addition, the GII.10
P domain in complex with NB-34 was solved using X-ray crystallography to investigate
NB-34 cross-reactivity at the atomic level (Table 3). The overall structure of the P domains
in the complexes was comparable to the unbound P domains with minimal loop move-
ments upon nanobody engagement. All nanobodies had typical immunoglobulin folds,
and the nanobody CDRs interacted primarily with the P domains. The nine nanobodies
bound to the P domains at three distinct regions: termed side (NB-30, NB-53, NB-56, and
NB-82), bottom (NB-34), and top of P domain (NB-2, NB-7, NB-45, and NB-76).

Nanobodies binding to the side of the P domain. The GII.4 P1 subdomain com-
prises residues 224 to 274 and 418 to 530, whereas the P2 subdomain is between residues
275 and 417 (8). We found that NB-30 bound to the side of the GII.4 P domain dimer (Fig. 6A).
A network of direct hydrogen bonds was formed between NB-30 and both P domain
monomers (Fig. 6B). Nine GII.4 P domain residues (chain A: GLY-288, TRP-308, ASP-310,
ARG-339, and ASN-380; chain B: GLU-235, LYS-248, VAL-508, and ASN-512) formed 11
hydrogen bonds with NB-30. In this location, NB-30 interacted with both GII.4 P1 and P2
subdomain residues.

FIG 5 Thermodynamic properties of GII.17 nanobody binding to GII.17 Kawasaki308 P domain. Titrations
were performed at 25°C by injecting consecutive (2 to 3 mL) aliquots of nanobodies (100 mM) into the
GII.17 P domain (10 to 20 mM) in 120-s intervals. Examples of the titration (top panel) of nanobodies to
norovirus P domain are shown for NB-2 (A), NB-7 (B), NB-34 (C), and NB-45 (D). The binding isotherm was
calculated using a single binding site model (bottom panel).
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We also discovered that NB-53 also bound to the side of the GII.4 P domain (Fig. 7A).
Seven GII.4 P domain residues located on both P domain monomers formed 15 direct
hydrogen bonds with NB-53 (subdomain P1 chain A: ARG-484 and VAL-508; subdomain
P2 chain B: ASN-307, TRP-308, ASN-309, ASP-310, and ASN-380) (Fig. 7B). Interestingly,

TABLE 1 Summary of ITC measurements

P domain nanobody Kd (nM) DH (kJ/mol) DG (kJ/mol) 2TDS (kJ/mol)
GII.4-NB-30 1806 50 33.56 0.7 238.66 0.7 272.26 0.3
GII.4-NB-53 166 7 244.16 1 2506 5 20.76 2
GII.4-NB-56 3.86 4 10.56 2 250.16 5 260.66 3
GII.4-NB-76 56.76 7 250.76 0.4 241.46 0.3 9.36 0.6
GII.4-NB-82 30.16 24 216.36 6 243.96 2 227.76 7
GII.17-NB-2 7.56 1 272.16 4 246.46 5 25.76 4
GII.17-NB-7 40.96 6 285.06 3 242.36 0.3 42.86 3
GII.17-NB-34 4.86 4 269.46 4 248.16 2 21.26 3
GII.17-NB-45 1016 82 222.76 3 241.16 3 218.46 6

TABLE 2 Data collection and refinement statistics for GII.4 nanobodies

Parameter
Dataa

Complex GII.4-NB-30 GII.4-NB-53 GII.4-NB-56 GII.4-NB-76 GII.4-NB-82
PDB ID 8EN1 8EN4 8EN5 8EN6 8EMY

Data collection
Space group I 1 2 1 I 2 2 2 P1211 P21212 P212121
Cell dimensions
a, b, c (Å) 117.77, 62.44, 121.40 108.41, 137.29, 140.18 61.24, 235.38, 70.57 74.41, 119.71, 127.82 121.02, 142.46, 207.97
a, b,g (°) 90.00, 101.24, 90.00 90, 90 90 90.00, 104.30, 90.00 90.00, 90.00, 90.00 90.00, 90.00, 90.00

Resolution range (Å) 57.75–2.40
(2.49–2.40)

54.10–2.30
(2.38–2.30)

235.38–1.60
(1.63–1.60)

87.37–1.53
(1.56–1.53)

117.53–1.70
(1.73–1.70)

Rmerge
b 0.153 (0.481) 0.063 (0.386) 0.045 (0.345) 0.073 (0.661) 0.035 (0.373)

I/s I 5.5 (2.10) 11.8 (3.1) 11.7 (2.5) 9.3 (1.5) 19.1 (2.9)
CC1/2 0.977 (0.748) 0.998 (0.931) 0.997 (0.832) 0.996 (0.639) 0.991 (0.712)
Completeness (%) 99.8 (98.7) 99.7 (98.3) 98.7 (96.9) 99.8 (98.4) 96.9 (77.0)
Redundancy 5.0 (4.6) 5.1 (5.0) 3.4 (3.5) 4.4 (4.0) 4.3 (3.7)

Refinement
Resolution range (Å) 46.2–2.4 (2.486–2.4) 42.91–2.3 (2.382–2.3) 58.85–1.6 (1.657–1.6) 64.31–1.6 (1.657–1.6) 61.39–1.7 (1.761–1.7)
No. of unique reflections 34,068 (3,401) 46,644 (4,616) 249,862 (24,766) 150,252 (14,929) 379,642 (31,716)
Rwork/Rfree

c 0.2066/0.2635
(0.2788/0.3437)

0.2145/0.2479
(0.3339/0.3830)

0.1859/0.2194
(0.2676/0.3054)

0.1730/0.1944
(0.2237/0.2559)

0.1772/0.1999
(0.2366/0.2716)

No. of atoms 7,163 6,661 15,038 7,608 22,388
Protein 6,890 6,536 13,565 6,666 19,931
Water 273 113 1,317 872 2,317
Ligand 0 12 192 100 242

Avg B factors (Å2) 28.33 50.19 28.84 17.64 26.3
Protein 28.37 50.36 28.25 16.57 25.33
Water 27.28 41.01 34.23 25.19 34.16
Ligand 0 45.24 34.67 25.72 34.56

RMSD bond length (Å) 0.004 0.003 0.014 0.015 0.005
RMSDd bond angle (°) 0.61 0.53 1.21 1.25 0.79

Ramachandran plot statisticse

No. of residues 877 841 1,736 855 2,563
Most favored region 96.78 97.84 97.33 98.58 97.64
Allowed region 3.11 2.04 2.44 1.42 2.36
Outliers 0.12 0.12 0.23 0 0
Clashscore 4.02 3.81 4.96 3.55 2.57

aNumbers in parenthesis represent highest resolution shell.
bRmerge = ½RhRijIh–Ihij=RhRiIhi� where Ih is the mean of Ihi observations of reflection h.
cRfactor and Rfree = RjjFobsj2jFcalcjj=RjFobsj � 100 for 95% of recorded data (Rfactor) or 5% data (Rfree).
dRMSD, root mean square deviation.
eDetermined using MolProbity (10.1002/pro.3330).
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NB-53 and NB-30 binding sites are in a similar location on the side of the P domain.
Moreover, several P domain residues interacting with NB-30 and NB-53 were shared (i.e.,
TRP-308, ASP-310, ASN-380, and VAL-508).

Comparable to the NB-30 and NB-53 binding footprint, we found that NB-56 bound
on the side of the GII.4 P domain and interacted with both P domain monomers (Fig. 8A).
Eleven P domain residues on P1 and P2 subdomains (chain A: LYS-248, GLN-504, ASP-506,
VAL-508, and ILE-509; chain B: ASP-289, ASN-302, ASN-309, ASP-310, ASN-378, and ASN-380)
formed 20 direct hydrogen bonds with NB-56 (Fig. 8B). Several GII.4 P domain residues inter-
acting with NB-56 and NB-53 (ASN-380 and VAL-508) and NB-30 (LYS-248, ASP-310, ASN-
380, and VAL-508) were shared.

Interestingly, NB-30, NB-53, and NB-56 and the previously determined Nano-32
bound to the side of the P domain at a similar location (Fig. 9), and three nanobodies (NB-53,
NB-56, and Nano-32) showed HBGA blocking potential (Fig. 3) (34). Moreover, a neu-
tralizing monoclonal antibody (termed A1431) isolated from a patient immunized with the
GII.4c VLP vaccine also bound to the side of the P domain at a region nearby this common
nanobody binding site (Fig. 9) (19).

TABLE 3 Data collection and refinement statistics for GII.17 nanobodies

Parameter Dataa

Complex GII.17-NB-2 GII.17-NB-7 GII.10-NB-34 GII.17-NB-45
PDB ID 8EMZ 8EN0 8EN2 8EN3

Data collection
Space group C121 I222 P1211 P1211
Cell dimensions
a, b, c (Å) 92.96, 90.54, 59.40 74.82, 85.46, 223.85 66.78, 80.53, 84.21 79.50, 71.31, 82.62
a, b,g (°) 90.000, 116.289, 90.000 90.0, 90.0, 90.0 90.000, 90.025, 90.000 90.000, 113.320, 90.000

Resolution range (Å) 61.322–1.401
(1.49–1.40)

111.926–2.989
(3.17–2.99)

80.528–1.850
(1.96–1.85)

49.082–2.100
(2.23–2.10)

Rmerge
b 0.037 (0.94) 0.286 (1.859) 0.074 (1.107) 0.329 (1.046)

I/s I 24.39 (2.19) 9.10 (1.31) 16.48 (1.73) 5.21 (1.54)
CC1/2 100 (77.1) 99.4 (56.6) 99.9 (70.7) 97.8 (62.7)
Completeness (%) 98.5 (97.7) 95.5 (97.9) 99.1 (98.5) 99.8 (99.7)
Redundancy 7.05 (6.97) 13.4 (13.3) 7.10 (7.01) 6.87 (6.37)

Refinement
Resolution range (Å) 34.96–1.401 (1.451–1.401) 56.29–2.99 (3.097–2.99) 43.88–1.85 (1.917–1.85) 44.53–2.1 (2.175-2.1)
No. of unique reflections 85,354 (8,437) 14,271 (1,418) 75,469 (7,441) 49,637 (4,896)
Rwork/Rfree

c 0.1953/0.2196
(0.2944/0.3261)

0.2489/0.3053
(0.3648/0.3164)

0.2084/0.2344
(0.3323/0.3744)

0.2126/0.2625
(0.2492/0.3098)

No. of atoms 3,750 3,318 7,056 7,166
Protein 3,400 3,297 6,758 6,739
Water 286 21 294 419
Ligand 136 0 10 8

Avg B factors (Å2) 28.16 67.56 38.4 21.06
Protein 27.58 67.57 38.62 21.01
Water 32.99 65.15 33.68 21.65
Ligand 37.14 0 20 29.38

RMSD bond length (Å) 0.006 0.006 0.01 0.008
RMSDd bond angle (°) 0.84 0.89 0.98 0.89

Ramachandran plot statisticse

No. of residues 433 425 876 861
Most favored region 96.97 95.25 96.88 96.13
Allowed region 3.03 4.04 2.78 3.87
Outliers 0 0.71 0.35 0
Clashscore 7.22 7.9 3.83 4.33

aNumbers in parenthesis represent highest resolution shell.
bRmerge = ½RhRijIh–Ihij=RhRiIhi�where Ih is the mean of Ihi observations of reflection h.
cRfactor and Rfree = RjjFobsj2jFcalcjj=RjFobsj � 100 for 95% of recorded data (Rfactor) or 5% data (Rfree).
dRMSD, root mean square deviation.
eDetermined using MolProbity (10.1002/pro.3330).
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We discovered that NB-82 bound on the side of the GII.4 P domain and inter-
acted with only one P domain monomer (Fig. 10A). Unlike NB-30, NB-53, and NB-56,
which were positioned down toward the P domain, NB-82 was positioned across
the P domain. Moreover, the NB-82 binding footprint was distinct from other GI.1
and GII.10 nanobodies (34, 35, 37). Ten P domain residues located mainly on the P2
subdomain formed 13 direct hydrogen bonds with NB-82 (chain A: ASN-302, THR-
314, GLU-315, LEU-362, ARG-364, SER-409, THR-413, HIS-414, HIS-417, and LEU-418)
(Fig. 10B).

Nanobody binding to the bottom of the P domain. The X-ray crystal structure of
the GII.10 P domain with NB-34 was determined to explain nanobody cross-reactivity
binding interactions at the atomic level. The GII.10 P1 subdomain is located between
residues 222 and 277 and residues 427 and 549, while the P2 subdomain is between
residues 278 and 426 (9). NB-34 bound to the bottom of the GII.10 P domain (Fig.
11A). Twelve P domain residues located mostly in the P1 subdomain formed 16 direct
hydrogen bonds with NB-34 (chain A: ASP-269, GLU-271, LEU-272, GLY-274, THR-276,
ASP-320, TYR-470, and SER-473; chain B: GLU-236, PRO-488, GLU-489, and ARG-492)
(Fig. 11B).

The ELISA showed that NB-34 cross-reacted against GII.1, GII.4, GII.10, and GII.17 VLPs
(Fig. 2). The NB-34 binding site was almost identical to a broadly reactive diagnostic nanobody,
termed Nano-26, and nearby a binding site of broadly reactive monoclonal antibody
(A1227) which was isolated from a patient immunized with the GII.4c VLP vaccine (Fig. 12A)
(19, 34, 41). Superposition of GII.1, GII.4, and GII.17 apo X-ray crystal structures onto the
GII.10 Vietnam026 P domain NB-34 complex revealed that the residues that formed direct
hydrogen bonds with NB-34 were comparatively conserved among these four genotypes

FIG 6 X-ray crystal structure of the GII.4 Sydney-2012 P domain NB-30 complex. The X-ray crystal structure
of the GII.4 P domain NB-30 complex was determined to 1.70-Å resolution. Molecular replacement indicated
one P dimer and two NB-30 molecules in space group I121. The GII.4 P domain monomers were colored
accordingly (chain A, black; chain B, gray; and NB-30, green). (A) NB-30 bound to the side of the P1
subdomain and involved a dimeric interaction with both P domain chains A and B with an interface area
of ;1,182 Å2. (B) A closeup view of the GII.4 P domain and NB-30 interacting residues (note, only main
or side chains that are forming hydrogen bonds are shown for simplicity). The GII.4 P domain hydrogen
bond interactions involved both side and main chain interactions. Electrostatic interactions were found
between A chain: ASP-310GII.4 and ARG-110NB-30; ARG-339GII.4 and GLU-115NB-30; and B chain: LYS-248GII.4

and ASP-101NB-30; ASP-481GII.4 and ARG-54NB-30. Based on previous norovirus nanobodies (34, 35), the CDRs
for NB-30 were located approximately at CDR1 (26 to 33), CDR2 (51 to 58), and CDR3 (99 to 117).
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despite numerous amino acid insertions and deletions among these genotypes (Fig. 12B).
Indeed, seven P domain residues that interacted with Nano-26 also formed direct hydrogen
bonds with NB-34 (i.e., ASP-269, GLU-271, LEU-272, GLY-274, THR-276, TYR-470, and
PRO-488).

Nanobodies binding to the top of the P domain. We found that NB-76 bound to
the top of the GII.4 P2 subdomain (Fig. 13A). Eleven P domain residues from both P do-
main monomers formed 14 direct hydrogen bonds with NB-76 (chain A: LYS-329,
SER-355, ALA-356, ASP-357, GLU-368, ASP-391, THR-394, ASN-398, GLN-401, and GLY-
443; chain B: THR-344) (Fig. 13B). Superposition of the previously determined GII.4
Sydney-2012 P domain A-trisaccharide complex onto the GII.4 Sydney-2012 P domain
NB-76 complex revealed that part of NB-76 CDR2 (LYS-43 and GLN-44) covered the
fucose moiety from the A-trisaccharide and was close to the second moiety of the
HBGA molecule (Fig. 14). The five GII.4 P domain residues that commonly bind HBGAs
include ASP-374, ARG-345, THR-344, GLY-443, and TYR-444. Two of these common
HBGA binding residues also bound NB-76 (THR-344 and GLY-443) (Fig. 15A). Structural
alignment of CHDC-1974 and Saga-2006 P domains onto the Sydney-2012 P domain (apo and
NB-76 complex) confirmed the amino acid substitutions on the P domains at the NB-76 bind-
ing residues (Fig. 15A). This structural analysis also revealed a slight loop movement (between
residues 391 and 398) upon NB-76 engagement (Fig. 15B).

The GII.17 P1 subdomain contains residues 225 and 275 and residues 419 and 540,
whereas the P2 subdomain is between residues 276 and 418 (42). We found that NB-2
bound on the top of the GII.17 P2 subdomain and interacted with one of the P domain

FIG 7 X-ray crystal structure of the GII.4 Sydney-2012 P domain NB-53 complex. The GII.4 P domain
NB-53 complex was determined to 2.30-Å resolution. Molecular replacement indicated one P dimer and two
NB-53 molecules in space group I222. (A) NB-53 (yellow) bound to the side of the P1 subdomain and
involved a dimeric interaction with an interface area of ;859 Å2. (B) A closeup view of the GII.4 P domain
and NB-53 interacting residues. The GII.4 P domain hydrogen bond interactions involved both side and main
chain interactions. Electrostatic interactions were found between A chain: ARG-484GII.4 and ASP-27NB-53; and B
chain: ASP-310GII.4 and HIS-59NB-53; ASP-310GII.4 and LYS-64NB-53. The CDRs for NB-53 were approximately located
at CDR1 (25 to 32), CDR2 (52 to 55), and CDR3 (98 to 104).
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monomers (Fig. 16A). Seven P domain residues (chain A: ASN-295, ARG-297, ARG-299,
SER-374, ASP-395, ASP-396, and GLY-443) formed 13 direct hydrogen bonds with NB-2
(Fig. 16B). Superposition of the GII.17 Kawasaki308 P domain A-trisaccharide complex
onto the GII.17 Kawasaki308 P domain NB-2 complex showed that part of NB-2 CDR3
(PRO-106, ASP-107, and SER-108) covered the second moiety of the HBGA molecule
(Fig. 17). In addition, the GII.17 P domain interface loop residues (GLY-443) interacted
with NB-2, and this GII.17 P domain residue (TYR-443) that commonly held HBGAs
formed a direct hydrogen bond with NB-2 (ASP-107) (Fig. 17).

We discovered that NB-7 also bound on the top of the GII.17 P2 subdomain (Fig. 18A)
and interacted with one P domain monomer. Six P domain residues formed eight direct
hydrogen bonds with NB-7 (chain A: ARG-372, ASN-392, ASP-393, ASP-395, SER-441, and
TYR-444) (Fig. 18B). We found that several NB-7 residues (TYR-32 and ARG-33 on CDR2) cov-
ered the secondmoiety of the HBGAmolecule, while the TYR-99 side chain (CDR3) overlapped
the third moiety of the HBGA molecule (Fig. 19). In addition, the GII.17 P domain interface
loop residues (SER-441 and TYR-444) interacted with NB-7 and one GII.17 P domain residue
(TYR-444) that commonly held HBGAs formed a direct hydrogen bond with NB-7 (residue
GLU-46).

We also found that NB-45 bound on the top of the GII.17 P2 subdomain and inter-
acted with both P domain monomers (Fig. 20A). Thirteen GII.17 P domain residues
formed 20 direct hydrogen bonds with NB-45 (chain A: GLN-352, TRP-354, ARG-372,

FIG 8 X-ray crystal structure of the GII.4 Sydney-2012 P domain NB-56 complex. The X-ray crystal
structure of the GII.4 P domain NB-56 complex was determined to 1.60-Å resolution. Molecular
replacement indicated two P dimers and four NB-56 molecules in space group P1211. (A) The NB-56
(salmon) bound to the side of the P1 subdomain and involved a dimeric interaction with an interface
area of ;1,215 Å2. (B) A closeup view of GII.4 P domain and NB-56 interacting residues. The GII.4 P
domain hydrogen bond interactions involved both side and main chain interactions. An electrostatic
interaction was found between chain B ASP-289GII.4 and ARG-108NB-56. The CDRs for NB-56 were
approximately located at CDR1 (26 to 32), CDR2 (52 to 55), and CDR3 (98 to 118).
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ASN-392, ASP-393, ASP-394, ASP-396, SER-441, GLY-442, and TYR-444; chain B: ASN-
295, GLN-296, and GLN-361) (Fig. 20B). Superposition of the GII.17 P domain A-trisac-
charide complex onto the GII.17 Kawasaki308 P domain NB-45 complex revealed that
NB-45 CDR2 and CDR3 surrounded the HBGA molecule and likely blocked access to

FIG 9 Binding site of NB-30, NB-53, and NB-56. Superposition of GII.4 P domain NB-30, GII.4 P domain NB-53, GII.4 P domain NB-
56, GII.10 P domain Nano-32 (5O03), GII.10 P domain A-trisaccharide (3PA1), and GII.4 P domain A1431 (6N8D) onto the GII.10
P domain (3ONU). NB-30 (green), NB-53 (yellow), NB-56 (salmon), Nano-32 (dark salmon), monoclonal antibody A1431 (light blue),
and A-trisaccharide (blue) are shown on the GII.10 P domain dimer (gray/black surface). Only one nanobody and monoclonal
antibody are shown for clarity.

FIG 10 X-ray crystal structure of the GII.4 Sydney-2012 P domain NB-82 complex. The X-ray crystal
structure of the GII.4 P domain NB-82 complex was determined to 1.70 Å-resolution. Molecular replacement
indicated three P dimers and six NB-82 molecules in space group P212121. (A) The NB-82 (navy) bound to the
side region of the P domain and involved a monomeric interaction with an interface area of ;832 Å2. (B) A
closeup view of GII.4 P domain and NB-82 interacting residues showing hydrogen bonds from both side
and main chains. An electrostatic interaction was found between chain A, HIS-417GII.4 and ASP-104NB-82. The
CDRs for NB-82 were located approximately at CDR1 (25 to 34), CDR2 (51 to 58), and CDR3 (100 to 103).
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the HBGA site on the P domain (Fig. 21). In addition, GII.17 P domain interface loop res-
idues (SER-441, GLY-442, and TYR-444) interacted with NB-45, and one GII.17 P domain
residue (TYR-444) that commonly held HBGAs formed a direct hydrogen bond with
NB-45 (residue GLU-46). Furthermore, two NB-45 residues (VAL-48 and ALA-49) clashed
with the second moiety of HBGA, and the side chain of one NB-45 residue (SER-108)
was in proximity (;1.7 Å) to the fucose moiety of HBGA.

DISCUSSION

In this study, we have successfully developed a new panel of nanobodies against two
major outbreak norovirus genotypes (i.e., GII.4 and GII.17) with the intention of discovering
nanobodies that block access to the HBGA binding sites. Both genotypes have been ana-
lyzed extensively for HBGA binding interactions, inhibition studies, and capsid evolution (8,
13, 35, 42–57) as well clinical trials using GII.4 VLPs as candidate vaccines, which is reviewed
in reference 15. We also have compared the new nanobody structures with previously gen-
erated nanobodies developed against the rarely detected GII.10 norovirus (34, 35), which
has been characterized extensively in complex with HBGAs, HMOs, and citrate (9, 25–28).
We have now characterized the X-ray crystallographic structures for 16 different GII P do-
main nanobody complexes (Fig. 22).

Five nanobodies (Nano-26, Nano-85, NB-34, NB-53, and NB-56) that bound to the
bottom or side of the P domain indirectly prevented norovirus VLPs from binding to
HBGAs (34). For Nano-85 and Nano-26 (developed against GII.10 VLPs), we showed the
nanobody binding epitopes were positioned at a cryptic and vulnerable region located
between the S and P domains (34, 35). We found Nano-85 and Nano-26 engagement
disrupted VLP stability and resulted in VLP disassembly and aggregation as observed

FIG 11 X-ray crystal structure of the GII.10 P domain NB-34 complex. The X-ray crystal structure of
the complex was determined to 1.85-Å resolution. Molecular replacement indicated two P domains and
two NB-34 molecules in space group P1211. (A) The NB-34 (cyan) bound to the side of the domain and
involved a dimeric interaction with an interface area of ;1,017 Å2. (B) A closeup view of GII.10 P domain
and NB-34 interacting residues. The GII.10 P domain hydrogen bond interactions involved both side and
main chain interactions. An electrostatic interaction was found between chain A, ASP-269GII.10 and ARG-
103NB-34, as well as between GLU-271GII.10 and ARG-103NB-34. The CDRs for NB-34 were approximately located
at CDR1 (26 to 33), CDR2 (51 to 58), and CDR3 (99 to 107).
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by electron microscopy (34, 35). Similarly, one recent study isolated a human norovirus
IgA (antibody noro-320) from a norovirus-infected patient and showed that IgA engage-
ment also led to virion aggregation observed by electron microscopy and neutralization
in cell culture (58). Another monoclonal antibody (termed A1431) bound to the side
of the P domain (Fig. 9) and was neutralizing in cell culture (19), presumably A1431,
sterically blocked norovirus from attaching to large multivalent HBGAs found in por-
cine gastric mucin (PGM) (19).

Interestingly, NB-34 closely mimicked the Nano-26 binding site, and both nanobodies
were broadly reactive and interacted with mainly conserved P domain binding residues.
However, the precise HBGA blocking mechanism of these nanobodies that bind to the
side of the P domain (i.e., NB-34, NB-53, and NB-56) remains unclear, as VLP disassembly
and aggregation after treatment with these nanobodies were not observed (data not

FIG 12 Structural basis of NB-34 cross-reactivity. (A) Superposition of the GII.10 P domain Nano-26
complex (5O04, Nano-32 light magenta) and GII.4 P domain A1227 (6N81, monoclonal antibody
A1227 purple) onto GII.10 Vietnam026 P domain NB-34 complex showing a highly similar binding
region on the side of the P domain. (B) Superposition of GII.1 (4ROX, P domain forest), GII.4 (4OOS, P
domain green), and GII.17 (5F4O, P domain tv green) P domain apo structures onto the GII.10
Vietnam026 P domain NB-34 complex (P domain gray). The P domain residues for GII.1, GII.4, and
GII.17 at the identical location as GII.10 NB-34 binding residues are shown (GII.10 Vietnam026 VP1
numbering); NB-34 was removed for better viewing. NB-34 and Nano-26 bind a common set of seven
P domain residues at this location, while amino acid substitutions among these genotypes were
observed at only a four residues (underlined), i.e., ASP-320GII.10 (GLU-316GII.4), GLU-271GII.10 (VAL-
271GII.4), SER-473GII.10 (ALA-465GII.4), and GLU-489GII.10 (ASP-476GII.1, ASP-481GII.4, and ASP-481GII.17); note
that the residue numbering among these genotypes varies.
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shown). On the other hand, the ubiquity of these side binding nanobodies and several
monoclonal antibodies suggests that substantial flexibility in virus particles is functionally
important for antibody- and nanobody-mediated recognition and/or neutralization (19,
34, 58). Indeed, we also identified a broadly reactive norovirus diagnostic IgG monoclo-
nal antibody (termed 5B18) that bound at a highly conserved and occluded epitope at

FIG 13 X-ray crystal structure of the GII.4 Sydney-2012 P domain NB-76 complex. The X-ray crystal
structure of the GII.4 P domain NB-76 complex was determined to 1.60-Å resolution. Molecular
replacement indicated one P dimer and two NB-76 molecules in space group P212121. (A) The NB-76
(gold) bound to the top of the P2 subdomain and involved a dimeric interaction with an interface
area of ;945 Å2. (B) A closeup view of the GII.4 P domain and NB-76 interacting residues. The GII.4 P
domain hydrogen bond interactions involved both side and main chain interactions. Electrostatic
interactions were found between chain A: ASP-357GII.4 and GLN-1NB-76 and between ASP-391GII.4 and
ARG-45NB-76. The CDRs for NB-76 were located approximately at CDR1 (25 to 33), CDR2 (39 to 46), and
CDR3 (98 to 113).

FIG 14 Close-up of NB-76 blocking the GII.4 HBGA binding pocket. Superposition of the GII.4 Sydney-
2012 P domain A-trisaccharide complex (4WZT) onto the GII.4 Sydney-2012 P domain NB-76 complex.
The GII.4 Sydney-2012 P domain surface representation (black and gray) and A-trisaccharide (blue sticks)
are shown.
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the bottom of the P domain (59). For these nanobodies and antibodies to interact with
the virion, the P domains need to be rather flexible on the S domain. This information
suggests that for some antibody- or nanobody-recognition events, the engagement
might also result in virus neutralization by interfering with capsid stability that indirectly
affects the HBGA binding site and/or sterically blocks HBGA engagement, as was discov-
ered recently with human norovirus nanobodies and monoclonal antibodies (19, 34, 35).
Taken together, the side and bottom of the norovirus P domain appear to contain neu-
tralizing epitopes that can also be targeted with antibodies and nanobodies, but the pre-
cise structural mechanism of neutralization, such as particle disassembly, aggregation, or
steric obstruction of HBGA engagement remains unclear.

Four nanobodies (NB-76, NB-2, NB-7, and NB-45) that bound to the top of the P
domain, completely obscured the GII.4 or GII.17 HBGA binding pockets and blocked
VLPs from binding to HBGAs. Compared with nanobodies and antibodies that bind
to the side of the P domain and indirectly interfere with the HBGA pocket, these
four nanobodies interacted with several P domain residues that commonly bind
HBGAs and likely sterically obstructed HBGA engagement. Several other inhibitors
that impeded the HBGA binding pocket and interacted with P domain residues that
bound HBGAs include HMOs and citrate (25–28, 60). These natural compounds
closely mimicked the HBGA structures and might function as weak binding antivirals
with millimolar affinities (25–28, 60). We also identified a monoclonal antibody
(termed 10E9) developed against GII.10 VLPs that partially blocked the HBGA pocket
and interacted with several HBGA binding residues (ARG-345 and TYR-444) (43). We
also found that this monoclonal antibody inhibited Sydney-2012 VLPs from binding
to HBGAs in the surrogate HBGA neutralization assay and GII.4 norovirus replication
in cell culture (43).

FIG 15 Sequence and structural alignment of GII.4 variants. (A) Sequence alignment of GII.4 variants showing
NB-76 binding epitopes (gold) and A-trisaccharide binding residues (blue). Two HBGA binding epitopes
engaged NB-76 (gold/blue shade). (B) Superposition of apo CHDC-1974 P domain (5IYN; green), apo Saga-
2006 P domain (4OOX; orange), and apo Sydney-2012 P domain (4OOS; red) onto Sydney-2012 P-NB76
complex (gray). NB-76 was omitted for clarity, and residue numbering was Sydney-2012, while amino acid
conservation and substitutions can be seen in A. The loop containing residues 391 to 398 was slightly shifted
upon NB-76 binding.
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The discovery of these four nanobodies that bind precisely at the HBGA binding pocket
has now opened the door for the further development of cofactor-directed norovirus thera-
peutics. Using the structural information of other norovirus P domains and docking these
nanobodies on nonbinders could highlight CDR residues that could be modified to improve
the cross-reactivity against different genotypes and variants, while retaining HBGA blocking
capacities. The next stage of this nanobody antiviral development could include testing neu-
tralization capacities using the norovirus cell culture system. Fortunately, the correlation
between the HBGA blocking potential using the surrogate HBGA neutralization assay
and the norovirus cell culture has been supported in numerous studies, of which several

FIG 16 X-ray crystal structure of the GII.17 Kawasaki308 P domain NB-2 complex. The X-ray crystal
structure of the GII.17 P domain NB-2 complex was determined to 1.40-Å resolution. Molecular
replacement indicated one P domain and one NB-2 molecule in space group C121. (A) NB-2 (orange)
bound to the top of the P2 subdomain and involved a dimeric interaction with an interface area of
;756 Å2. (B) A closeup view of the GII.17 P domain and NB-2 interacting residues. The GII.17 P
domain hydrogen bond interactions involved both side and main chain interactions. An electrostatic
interaction was found between chain A ARG-297GII.17 and GLU-101NB-2. The CDRs for NB-2 were
located approximately at CDR1 (24 to 33), CDR2 (51 to 58), and CDR3 (99 to 116).

FIG 17 Close-up of NB-2 blocking the GII.17 HBGA binding pocket. Superposition of the GII.17 Kawasaki308
P domain A-trisaccharide complex (5LKC) onto the GII.17 Kawasaki308 P domain NB-2 complex. The GII.17
Kawasaki308 P domain surface representation (black and gray) and A-trisaccharide (blue sticks) are shown. The
GII.17 P domain residues that typically bind HBGAs include THR-348, ARG-349, ASP-378, GLY-443, and TYR-444.
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included a structural analysis of inhibitors (12, 19, 43, 58, 61). In summary, we have now
identified four new nanobodies that directly impede the HBGA binding pockets for two
major norovirus genotypes. Further development of these cofactor-directed norovirus
nanobodies as antivirals is now a reality.

MATERIALS ANDMETHODS
Norovirus P domain production. Norovirus GII.4 Sydney-2012 (GenBank accession no. JX459908),

GII.10 Vietnam 026 (AF504671), and GII.17 Kawasaki308 (LC037415) P domain were produced as described previ-
ously (9). In brief, the P domain gene was cloned into the pMal-c2X vector, followed by transformation into E. coli
BL21 (DE) cells. Cells were grown in LB medium at 37°C until cells reached an optical density at 600 nm (OD600) of
0.6 and then were induced with 0.7 mM isopropyl thio-b-D-galactopyranoside (IPTG) for 18 h at 22°C. Cells were

FIG 18 X-ray crystal structure of the GII.17 Kawasaki308 P domain NB-7 complex. The X-ray crystal
structure of the GII.17 P domain NB-7 complex was determined to 2.99-Å resolution. Molecular
replacement indicated one P domain and one NB-7 molecule in space group I222 (only one NB-7
molecule was shown on the P domain dimer for clarity). (A) The NB-7 (lime green) bound to the top
of the P2 subdomain and involved a dimeric interaction with an interface area of ;508 Å2. (B) A
closeup view of the GII.17 P domain and NB-7 interacting residues. The GII.17 P domain hydrogen
bond interactions involved both side and main chain interactions. The CDRs for NB-7 were located
approximately at CDR1 (24 to 32), CDR2 (52 to 56), and CDR3 (99 to 107).

FIG 19 Close-up of NB-7 blocking the GII.17 HBGA binding site. Superposition of the GII.17 Kawasaki308
P domain A-trisaccharide complex (5LKC) onto the GII.17 Kawasaki308 P domain NB-7 complex. The GII.17
Kawasaki308 P domain surface representations (black and gray) are shown.
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harvested by centrifugation and lysed by sonication. The fusion P domain-MBP protein was purified using an Ni-
nitrilotriacetic acid (NTA) column, and the MBP tag was cleaved from the P domain using the HRV3C protease at
4°C. After another round of Ni-NTA chromatography, the cleaved P domain was dialyzed in gel filtration buffer
(GFB; 25 mM Tris-HCl [pH 7.6] and 300 mM NaCl), purified by size exclusion chromatography, concentrated to
;4 mg/mL, and stored at 4°C.

FIG 20 X-ray crystal structure of GII.17 Kawasaki308 P domain NB-45 complex. The X-ray crystal structure
of the GII.17 domain NB-45 complex was determined to 2.10-Å resolution. Molecular replacement indicated
one P dimer and two NB-45 molecules in space group P1211. (A) The NB-45 (hot pink) bound to the top of
the P2 subdomain and involved a dimeric interaction with an interface area of ;1,147 Å2. (B) A closeup
view of GII.17 P domain and NB-45 interacting residues. The GII.17 P domain hydrogen bond interactions
involved both side and main chain interactions. An electrostatic interaction was observed between chain A,
namely, ASP-396GII.17 and HIS-60NB-45. The CDRs for NB-45 were located approximately at CDR1 (27 to 33),
CDR2 (53 to 56), and CDR3 (99 to 112).

FIG 21 Close-up of NB-45 blocking the GII.17 HBGA site. Superposition of the GII.17 Kawasaki308 P
domain A-trisaccharide complex (5LKC) onto the GII.17 Kawasaki308 P domain NB-45 complex. The GII.17
Kawasaki308 P domain surface representation (black and gray) and A-trisaccharide (blue sticks) are shown.
An additional extended loop on NB-45 (residues 39 to 46) permitted this nanobody to completely overlap
the HBGA pocket.
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Norovirus VLP production. The capsid genes of norovirus GI.1 (AY502016.1), GI.11 (AB058547), GII.1
(U07611), GII.4c (62), GII.4 CHDC-1974 (ACT76142), GII.4 Saga-2006 (AB447457), GII.4 Yerseke-2006a (EU876887),
GII.4 Sydney-2012, GII.10 Vietnam 026, and GII.17 Kawasaki308 were cloned into a baculovirus expression system
as described previously (63). Briefly, the VLPs secreted into the cell medium were separated from Hi5 insect cells
by low-speed centrifugation, concentrated by ultracentrifugation at 30,000 rpm at 4°C for 2 h (Beckman Ti45),
and resuspended in phosphate-buffered saline (PBS). The VLPs were purified by CsCl equilibrium gradient ultra-
centrifugation at 45,000 rpm at 15°C for 18 h (Beckman SW-55), and fractions containing VLPs were pelleted by
ultracentrifugation and resuspended in PBS to remove residual CsCl. Fractions were confirmed using electron mi-
croscopy (EM), and homogenous particles were pooled and concentrated to 2 to 10 mg/mL in PBS (pH 7.4). The
VLP samples were applied to EM grids, washed once in distilled water, stained with 0.75% uranyl acetate, and
examined using EM (Zeiss EM 910).

Nanobody production. The Nanobody libraries were generated at the VIB Nanobody Service
Facility with the approval of the ethics commission of Vrije Universiteit, Brussels, Belgium. Briefly, alpacas
were injected subcutaneously with GII.4 Sydney-2012 or GII.17 Kawasaki308 VLPs. A nanobody library
was constructed and screened for the presence of antigen specific Nanobodies. Nine Nanobodies were
selected based on sequence variation in the complementarity-determining regions (CDRs). These nine nano-
bodies (GII.4: NB-30, NB-53, NB-56, NB-76, and NB-82; and GII.17: NB-2, NB-7, NB-34, and NB-45) were subcloned
into a pHEN6C expression vector and expressed in E. coliWK6 cells overnight at 28°C. Expression was induced
with 0.7 mM IPTG at an OD600 of 0.9. The cells were harvested by centrifugation, and the nanobodies were
extracted from the periplasm. After removing cell debris by centrifugation, the supernatant containing the
nanobodies was collected. The His-tagged nanobodies were first purified using Ni-NTA chromatography,
and then, after dialysis into GFB, size exclusion chromatography was performed. Nanobodies were concen-
trated to 2 to 3 mg/mL and stored in GFB at 4°C.

Nanobody reactivities using ELISA. The nanobody reactivities against norovirus VLPs were deter-
mined using a direct ELISA as described previously (34). Microtiter plates (Maxisorp, Denmark) were

FIG 22 Summary of GII norovirus nanobodies. A total of 16 different GII nanobodies were superimposed
onto the GII.4 Sydney-2012 P dimer (3PA1; gray) to show nanobody binding sites. Note that only one
nanobody per dimer is shown, which includes genotype specific and broadly reactive GII nanobodies (34,
35), as follows: Nano-4 GII.17 P domain (5O02), Nano-14 GII.10 P domain (5OMM), Nano-26 Nano-85 GII.10
P domain (5O04), Nano-27 GII.10 P domain (5OMN), Nano-32 GII.10 P domain (5O03), Nano-42 GII.10 P
domain (5O05), and the nine newly characterized nanobodies in this study.
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coated with 100 mL (2 mg/mL) of GII.4 or GII.17 VLPs in PBS (pH 7.4). Wells were washed three times with
PBS containing 0.1% Tween 20 (PBS-T) and then blocked with 300 mL of PBS containing 5% skim milk
(PBS-SM) for 1 h at room temperature (RT). After wells were washed, 100 mL of serially diluted nanobod-
ies in PBS (from ;10 mM) was added to each well. The wells were washed and then 100 mL of a 1:3,000
dilution of secondary horseradish peroxidase (HRP)-conjugated anti-His IgG (Sigma) was added to wells
for 1 h at 37°C. After the wash step, 100 mL of substrate o-phenylenediamine and H2O2 was added to
wells and left in the dark for 30 min at RT. The reaction was stopped with the addition of 50 mL of 3 N
HCl, and the absorbance was measured at 490 nm (OD490). The final OD490 = samplemean minus PBSmean

(;0.05). A cutoff limit was set at OD490 of .0.15, which was ;3 times the value of the negative control
(PBS). All experiments were performed in triplicate.

Nanobody HBGA inhibition. A surrogate HBGA neutralization assay using porcine gastric mucin
(PGM) was performed as described previously (19, 26, 43). Briefly, ELISA plates were coated with 10mg/mL
of PGM (Sigma-Aldrich) for 1 h at 37°C. Coated plates were washed and blocked with 5% skim milk in PBS
for 1 h at RT. The nine Nanobodies were serially diluted from a starting concentration of 100 mg/mL and
added to GII.4 and GII.17 VLPs with a final concentration of 1 mg/mL and 2mg/mL, respectively. After a 30-
min incubation at RT, the VLP-NB mixture was added to the wells and incubated for 1 h at 37°C. The GII.4
VLPs were detected with a polyclonal rabbit anti-GII.4 antibody (34) and followed by HRP-conjugated anti-
rabbit antibody, while GII.17 VLPs were detected using biotinylated Nanobody-28 (NB-28) and HRP-conju-
gated streptavidin. Plates were then developed with o-phenylenediamine and H2O2 in the dark at RT. After
30 min, the reaction was stopped with 6% (vol/vol) HCl, and absorption was measured at OD490. The binding
of untreated VLPs was set as a reference value corresponding to 100% binding. The percentage of inhibition
was calculated as [1 2 (treated VLP mean OD490/mean reference OD490)] � 100. The half maximal inhibitory
concentration (IC50) value for inhibition was determined using GraphPad Prism (version 8.0). All experiments
were performed in triplicates and the mean and standard deviation calculated.

Nanobody isothermal calorimetry measurements. Isothermal titration calorimetry (ITC) experi-
ments were done using an ITC-200 instrument (Malvern). Samples were prepared in PBS and filtered
prior to the experiments. Titrations were performed at 25°C by injecting consecutive (2 to 3 mL) aliquots
of nanobodies (100 mM) into GII.4 Sydney-2012 or GII.17 Kawasaki308 P domains (10 to 20 mM) in 120-s
intervals. Injections were performed until saturation was achieved. To correct for heats of dilution from
titrants, control experiments were performed by titrating nanobodies into PBS. The heat associated with
the control titration was subtracted from raw binding data prior to fitting. The data were fitted using a
single set binding model (Origin 7.0 software). Nanobody binding sites on the P domains were assumed
to be identical. All ITC experiments were performed in triplicate with the average and standard deviation
calculated.

Purification and crystallization of norovirus P domain and nanobody complexes. The P domain
(GII.4 Sydney-2012, GII.10, or GII.17 Kawasaki308) and nanobody were mixed in a 1:1.4 molar ratio and
incubated at 25°C for ;90 min. The complex was purified by size exclusion chromatography using a
Superdex-200 column and concentrated to 2.8 to 10 mg/mL. Complex crystals were grown using hang-
ing-drop vapor diffusion method at 18°C for ;6 to 10 days. Crystallization was achieved for each of the
following complexes using the indicated conditions: GII.4-NB-30 (0.2 M calcium chloride and 20% [wt/
vol] polyethylene glycol 3350 [PEG3350]), GII.4-NB-53 (12% [wt/vol] PEG 20000 and 0.1 M MES [pH 6.5]),
GII.4-NB-56 (10% [wt/vol] PEG 8000 and 0.1 M morpholineethanesulfonic acid [MES; pH 6.0]), GII.4-NB-76
(17% [wt/vol] PEG 4000, 0.0095 M HEPES [pH 7.5], 8.5% [vol/vol] isopropanol, and 15% glycerol), GII.4-
NB-82 (0.8 M ammonium sulfate and 0.1 M bicine [pH 9]), GII.10-NB-34 (1 M lithium chloride, 10% [wt/
vol] PEG 6000, and 0.1 M citric acid [pH 5]), GII.17-NB-2 (0.1 M bicine [pH 9] and 30% [wt/vol] PEG 6000),
GII.17-NB-7 (0.8 M ammonium sulfate and 0.1 M citric acid [pH 4]), and GII.17-NB-45 (1.6 M ammonium
sulfate, 0.08 M sodium acetate, and 20% [vol/vol] glycerol). Prior to being flash-frozen in liquid nitrogen,
crystals were transferred to a cryoprotectant containing the mother liquor in 30% ethylene glycol.

X-ray data collection, structure solution, and refinement. X-ray diffraction data were collected at
the Deutsches Elektronen-Synchrotron (DESY; PETRA III beamlines, P13 and P14), Germany, and proc-
essed with XDS (64) and MOSFLM. Structures were solved by molecular replacement in Phaser (65).
Structures were refined in multiple rounds of manual model building in Coot (66) and refined with
PHENIX (67). Structures were validated with Procheck (68) and Molprobity (69). PISA software was
used to determine binding interfaces and to calculate the surface area (70). Binding interfaces and
interactions were analyzed using the PDBePISA online server (https://www.ebi.ac.uk/pdbe/pisa/) (70)
and PyMOL (version 1.2), with hydrogen bond distances of ;2.36 to 3.88 Å and electrostatic distances
of ;2.56 to 3.89 Å. Water-mediated interactions were excluded from the analysis. Figures and protein
contact potentials were generated using PyMOL.

Data availability. Atomic coordinates and structure factors of the X-ray crystal structures were de-
posited in the Protein Data Bank (8EMY, GII.4-NB-82; 8EMZ, GII.17-NB-2; 8EN0, GII.17-NB-7; 8EN1,
GII.4-NB-30; 8EN2, GII.10-NB-34; 8EN3, GII.17-NB-45; 8EN4, GII.4-NB-53; 8EN5, GII.4-NB-56; and 8EN6,
GII.4-NB-76).
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