
Articles
https://doi.org/10.1038/s41594-020-0469-6

1Structural Biology, The Rosalind Franklin Institute, Harwell Science & Innovation Campus, Didcot, UK. 2Division of Structural Biology, University of Oxford, 
The Wellcome Centre for Human Genetics, Headington, Oxford, UK. 3Protein Production UK, The Rosalind Franklin Institute – Diamond Light Source,  
The Research Complex at Harwell, Harwell Science & Innovation Campus, Didcot, UK. 4Diamond Light Source Ltd, Harwell Science & Innovation Campus, 
Didcot, UK. 5MRC Human Immunology Unit, Weatherall Institute of Molecular Medicine, University of Oxford, John Radcliffe Hospital, Oxford, UK.  
6Centre for Translational Immunology, Chinse Academy of Medical Sciences Oxford Institute, University of Oxford, Oxford, UK. 7Sir William Dunn School 
of Pathology, University of Oxford, Oxford, UK. 8National Infection Service, Public Health England, Porton Down, Salisbury, UK.  
✉e-mail: raymond.owens@rc-harwell.ac.uk; naismith@strubi.ox.ac.uk

The SARS-CoV-2 virus is thought, based on sequence iden-
tity, to have crossed from bats to humans in 20191. Similar 
to SARS-CoV-1 (2002–2003) and MERS-CoV (2012), 

SARS-CoV-2 presents as a respiratory disease but can progress 
into internal organs and cause organ failure2,3. A recent report from 
France estimates a fatality rate of 0.7% and a hospitalization rate of 
3.6%4. Both these rates are much higher in elderly populations4,5. 
Around 33% of those admitted to UK hospitals with COVID-19  
have died6. Because SARS-CoV-2 also spreads rapidly in the naive 
human population7, the current COVID-19 pandemic has pre-
sented an unprecedented challenge to modern human society. 
Although there is currently no ‘cure’ or vaccine for the disease, pas-
sive immune therapy by transfusing critically ill COVID-19 patients 
with serum from COVID-19 convalescent individuals has been 
shown to improve clinical outcomes8,9. This would suggest that neu-
tralization of the virus, even at a relatively late stage in the disease, 
may be a useful COVID-19 therapy.

The single-positive-strand RNA genome of SARS-CoV-2, like 
SARS-CoV, encodes four major structural proteins: spike, enve-
lope, membrane and nucleocapsid. The spike protein comprises an 
N-terminal (S1) subunit, which contains the roughly 200-residue 
receptor binding domain (RBD)10,11, and a C-terminal subunit 
(S2), which contains the fusion protein12 (Fig. 1a). The RBD of 

SARS-CoV-2 binds more tightly to the extracellular domain of 
angiotensin-converting enzyme 2 (ACE2) (Fig. 1a) than the homolo-
gous SARS-CoV-1 RBD13. The higher affinity results from sequence 
changes in RBD (Fig. 1b) and this has been proposed to underlie the 
higher transmissibility of SARS-CoV-214. Antibodies raised to the 
spike protein of SARS-CoV-1 can neutralize the virus both in vitro 
and in vivo, by binding to the RBD and blocking binding to ACE215. 
Unfortunately, most of these antibodies do not cross-react with the 
SARS-CoV-2 RBD13. The CR3022 antibody derived from a conva-
lescent SARS-CoV-1 patient is cross-reactive to both SARS-CoV-1 
and SARS-CoV-2 RBD (reported apparent KD of 6 nM, ref. 16). 
Two studies have reported crystal structures of CR3022 bound to 
SARS-CoV-2 RBD and show that the target epitope is distant from 
the ACE2 binding region17,18, which is consistent with the observa-
tion that CR3022 does not block RBD binding to ACE2. Another 
study on CR3022 has reported highly effective SARS-CoV-2 neu-
tralizing activity that appears to arise from destabilization of the 
spike trimer, a novel mechanism for neutralizing SARS-CoV-218. 
Destabilization of viral proteins by antibodies has been observed for 
influenza19 and human immunodeficiency virus20.

Mammalian, including human, antibodies generally have two 
chains (heavy and light), but camelids, in addition to two-chain 
antibodies, also possess a single-heavy-chain antibody variant21. 
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The SARS-CoV-2 virus is more transmissible than previous coronaviruses and causes a more serious illness than influenza. The 
SARS-CoV-2 receptor binding domain (RBD) of the spike protein binds to the human angiotensin-converting enzyme 2 (ACE2) 
receptor as a prelude to viral entry into the cell. Using a naive llama single-domain antibody library and PCR-based matura-
tion, we have produced two closely related nanobodies, H11-D4 and H11-H4, that bind RBD (KD of 39 and 12 nM, respectively) 
and block its interaction with ACE2. Single-particle cryo-EM revealed that both nanobodies bind to all three RBDs in the spike 
trimer. Crystal structures of each nanobody–RBD complex revealed how both nanobodies recognize the same epitope, which 
partly overlaps with the ACE2 binding surface, explaining the blocking of the RBD–ACE2 interaction. Nanobody-Fc fusions 
showed neutralizing activity against SARS-CoV-2 (4–6 nM for H11-H4, 18 nM for H11-D4) and additive neutralization with the 
SARS-CoV-1/2 antibody CR3022.
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The antigen-specific variable portion of this single-chain anti-
body is termed the VHH domain and is commonly referred to as 
a nanobody (Fig. 1c). In addition to compatibility with phage dis-
play, nanobodies are small, stable and straightforward to produce21. 
As a result, they serve as alternates to conventional antibodies as 
diagnostics, imaging agents and structural biology tools21. The 
direct application of nanobodies in oncology and inflammatory dis-
eases is being evaluated21,22, with caplacizumab23 approved for use. 
Nanobodies have been developed against SARS-CoV-1 and are cur-
rently being developed against SARS-CoV-224,25, both as research 
tools and potential therapeutics.

Here, we report the identification and characterization of two 
high-affinity nanobodies (H11-D4 and H11-H4) to the spike pro-
tein of SARS-CoV-2 that block the attachment of spike to ACE2 
in vitro. Structural characterization of both nanobodies in complex 
with both full-length spike or with the RBD from SARS-CoV-2 has 
revealed that both target an epitope immediately adjacent to and 
slightly overlapping with the ACE2 binding region. Both nano-
bodies, when fused to immunoglobulin-G (IgG) Fc, neutralized 
live virus, with H11-H4-Fc showing a particularly high potency 
(50% neutralization dose (ND50) of 4–6 nM). H11-H4 also showed 
additive neutralization with CR302216. The nanobodies may have 
application on their own or in additive combinations with other 
antibodies in the treatment of severely ill COVID-19 patients.

Results
Identification of a spike-binding nanobody. We used purified 
RBD of the SARS-CoV-2 spike to identify its binding partners in a 
naive llama VHH library by in vitro phage display technology. We 
identified several nanobodies that bound to the RBD. The tight-
est binding nanobody, which we denoted H11, had a KD of <1 μM 
(Extended Data Fig. 1a,b). Using a random mutagenesis approach, 
we identified two affinity matured mutants, H11-D4 and H11-H4, 
which differ from H11 and each other at five residues within CDR3 
(Figs. 1c and 2a). H11-H4 and H11-D4 were shown to bind RBD 
by surface plasmon resonance (SPR), with an estimated KD of 5 nM 
and 10 nM, respectively (Fig. 2b and Extended Data Fig. 1c,d). We 
performed an SPR-based competition assay in which ACE2-Fc was 
immobilized and then binding of RBD was monitored in the pres-
ence or absence of H11-H4 or H11-D4. In a similar experiment, 
we also monitored spike binding (instead of RBD). Both nanobod-
ies inhibited the binding of both RBD and spike to ACE2 (Fig. 2c 

and Extended Data Fig. 1e). This suggested the nanobody epitope 
overlaps with the ACE2 binding site on the RBD of spike. When 
CR3022-Fc was immobilized and the binding of RBD measured, 
it was found that the RBD binds to CR3022, whether H11-H4 or 
H11-D4 was present or not (Fig. 2d and Extended Data Fig. 1f).  
This indicated that CR3022 and the nanobodies recognized 
non-overlapping epitopes on RBD. Repeating this experiment with 
spike also showed binding in the presence and absence of H11-H4 
(Fig. 2d and Extended Data Fig. 1f).

The stoichiometry and thermodynamics of binding were char-
acterized by isothermal titration calorimetry (ITC). H11-H4 binds 
to RBD with a KD of 12 ± 1.5 nM, while H11-D4 binds with a KD of 
39 ± 2 nM; both showed a 1:1 stoichiometry (Fig. 2e and Extended 
Data Fig. 2a). When full-length trimeric spike was used, a single 
binding event was observed with a 1:1 nanobody:monomer (3:1 
nanobody:spike) stoichiometry and a KD of 44 ± 3 nM for H11-H4 
and 79 ± 2 nM for H11-D4 (Fig. 2f and Extended Data Fig. 2b). 
Despite increased enthalpy, H11-D4 bound more weakly than 
H11-H4 as a result of an increased entropic penalty upon binding. 
The same enthalpy entropy compensation is observed when com-
paring spike to RBD for both nanobodies. The spike protein has 
been proposed to exist in multiple conformational states in solu-
tion26, yet ITC showed a simple binding curve (Fig. 2f). Either the 
nanobodies have bound equally well to all conformational states 
present or the equilibration between these states was faster than the 
binding event. The latter possibility seems less likely given the very 
high on rates (Fig. 2b).

A bivalent Fc-nanobody fusion competes with ACE2 for RBD 
binding. The nanobodies were fused to the Fc domain of human 
IgG1 to produce a homodimeric chimeric protein capable of biva-
lent binding (Fig. 3a). The ability of these constructs to block ACE2 
binding to RBD was tested in two assays.

In the first assay, MDCK-SIAT1 cells stably expressing human 
ACE2 (MDCK-ACE2) were seeded on plates and the ability of 
various analytes (H11-H4-Fc, H11-D4-Fc, ACE2-Fc, CR302218 
and VHH72-Fc) to block binding of RBD was measured (Fig. 3b). 
VHH7225 is a nanobody isolated from a llama immunized with 
spike from SARS-CoV-1, which is cross-reactive against spike 
from SARS-CoV-2. The MDCK- ACE2 cell binding assay yielded 
a half-maximum inhibitory concentration (IC50) of 61 nM for 
H11-H4-Fc, 161 nM for H11-D4-Fc and 262 nM for VHH72-Fc25.
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Fig. 1 | The spike protein of SARS-CoV-2 drives infection. a, Schematic of the spike protein of SARS-CoV-2. The spike protein is composed of S1 and S2 
subunits. S1 contains the RBD (highlighted in red). Using the RBD, the trimeric spike molecule binds to ACE2 on human cells (a single ACE2 is shown in 
blue). b, RBD residues that are shared between SARS-CoV-2 and SARS-CoV-1 are highlighted in cyan (SARS-CoV-2, top) or in light gray text (SARS-CoV-1, 
bottom). Residues that contact ACE2 are highlighted in red for each sequence. Other sequence differences are in black text, with conservative substitutions  
indicated by colons (:) underneath. Residues in contact with the H11-H4 nanobody are boxed. c, Camelids have antibodies that are dimers of a single chain. 
The constant region is in black and the variable region in yellow. When the VHH domain is expressed on its own, it is termed a nanobody. A topology 
diagram shows that the nanobody is composed of two β-sheets. Three loops—complementarity-determining region 1 (CDR1), CDR2 and CDR3—control 
antigen binding and are highlighted in purple.
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In the second competition assay, analytes (H11-H4-Fc, 
H11-D4-Fc, ACE2-Fc, CR302218, VHH72-Fc25) were assessed for 
their ability to block ACE2 binding to MDCK cells that expressed 
RBD on their surface (Fig. 3c). This assay yielded an IC50 of 34 nM 
for H11-H4-Fc, 28 nM H11-D4-Fc and 33 nM for VHH72-Fc25. As 
expected, CR3022 does not show a strong response in either assay 
because it does not block the RBD–ACE2 interaction17,18.

H11-H4-Fc and H11-D4-Fc neutralize virus. The chimeric fusions 
were tested in a plaque reduction neutralization test at the Public 

Health England Laboratory for SARS-CoV-2 virus, and showed an 
ND50 of 6 nM for H11-H4-Fc (95% CI 3–9 nM) and ND50 of 18 nM 
for H11-D4-Fc (95% CI 9–68 nM) (Fig. 3d and Extended Data Fig. 3). 
H11-H4-Fc neutralization was replicated at Oxford University and 
yielded an ND50 of 4 nM. CR3022 was used as a positive control, and 
under these conditions an ND50 of 93 nM was observed, similar to 
a previous report18 (Fig. 3e). The raw plates are shown in Extended 
Data Fig. 4 and we observed a small plaque phenotype in the presence 
of H11-H4-Fc but not in the positive control CR3022. A small plaque 
phenotype was noted in the PHE plates (Extended Data Fig. 3).
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Fig. 2 | Laboratory-matured nanobodies bind to RBD and spike proteins with high affinity. a, Maturation by mutagenesis of CDR3 region of H11 resulted 
in H11-D4 and H11-H4. The five changes from the parent are shown in bold. b, SPR sensorgram showing that H11-H4 bound to RBD (immobilized as 
RBD-Fc on the chip) with 5 nM affinity. A repeat experiment is shown in Extended Data Fig. 1c and H11-D4 data are provided in Extended Data Fig. 1d.  
c, RBD was bound by ACE2 (immobilized as ACE2-Fc on the chip). When RBD was pre-mixed with H11-H4, there was no binding, indicating that H11-H4 
and ACE2 compete for binding to RBD. Similar results were observed using spike protein instead of RBD. The antibody E08R (anti-Caspr2 Fab) was used 
as a negative control. Data for H11-D4 are provided in Extended Data Fig. 1e. d, RBD was bound by CR3022 (immobilized as CR3022-Fc on the chip). When 
RBD was pre-mixed with H11-H4, binding occurred with similar on and off rates, indicating that H11-H4 and CR3022 recognize different epitopes on RBD. 
The response for the RBD H11-H4 mixture was larger, consistent with an H11-H4–RBD complex binding to CR3022. Antibody E08R was again used as a 
negative control. The spike protein shows binding to CR3022 in the presence or absence of H11-H4. Data for H11-D4 are provided in Extended Data Fig. 1f.  
e, ITC measurements show a KD of 12 ± 1.5 nM and a 1:1 ratio for H11-H4 and RBD association. Replicates and data for H11-D4 are provided in Extended 
Data Fig. 2a. f, ITC measurements show a KD of 44 ± 3 nM and a 1:1 ratio for association between spike protein and H11-H4. Replicates and data for H11-D4 
are provided in Extended Data Fig. 2b.
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It should be noted that our assay method did not remove virus 
and neutralizing agent after incubation with cells, in line with UK 
standards. Some laboratories have reported a neutralization assay 
protocol where virus and neutralizing agent are removed during the 
assay, and precise protocol differences may be responsible for the 
reported difference in CR3022 neutralization17,18.

Structures of nanobody–spike and nanobody–RBD complexes. 
The nanobodies were each incubated at room temperature with 
a purified prefusion-stabilized ectodomain of the SARS-CoV-2 
spike protein13 (spike(trimer):nanobody = 1:4) and then vitrified on 
cryo-EM grids. The cryo-EM single-particle structure of this vari-
ant of spike has been shown to be trimeric with a predominantly 
‘up–down–down’ arrangement of the three RBDs13. After data col-
lection and processing (Table 1 and Extended Data Figs. 5 and 6), 
the maps clearly identified additional density at all three RBDs in 
the H11-D4 and H11-H4 complexes (Extended Data Figs. 5 and 6). 
Improvement in the Coulomb potential maps allowed fitting of the 
nanobody into the additional density at each RBD in both structures 
(Table 1, Methods, Fig. 4a and Extended Data Figs. 5, 6 and 7a).  
The density for the nanobody bound to the ‘up’ RBD is weak, 
but still clearly discernible, while the density for the nanobodies 
bound to the ‘down’ RBDs is clearer (Extended Data Figs. 5 and 6).  

The structures of H11-H4–spike (Fig. 4a) and H11-D4–spike com-
plexes (Extended Data Fig. 7a) are indistinguishable given their 
resolution (Table 1). We focus our description here on the complex 
with the higher-affinity nanobody, H11-H4.

The region of the RBD in contact with the nanobody is ordered 
in the nanobody complex but is disordered in the EM prefusion 
stabilized holo spike structures (PDB 6VSB, 6VYB and 6VXX)13,26, 
precluding detailed analysis. However, we noted that in the nano-
body–spike complex, the ‘up’ RBD (subunit A) makes contacts with 
the nanobody that is bound to ‘down’ RBD (subunit C) (Extended 
Data Fig. 7b)—contacts that are absent in the holo spike. These con-
tacts have resulted in shifts of the RBD domains when compared 
to the non-complexed form13,26 (Extended Data Fig. 7c). Matching 
previous reports26, we have seen a mixture of two forms (‘three 
down’ and ‘one up two down’) on the grids for holo spike protein. 
In the presence of the nanobody, only the ‘one up two down’ form 
was observed, indicating that nanobody binding reduced confor-
mational heterogeneity. We suggest the additional interactions are 
responsible for this observation and for the higher enthalpy and 
greater entropic penalty observed for nanobody binding to spike 
when compared to RBD (Fig. 2e,f).

Nanobodies rely on three variable loops, denoted CDR1, CDR2 
and CDR3, to form the antigen-binding site (Fig. 1c). To gain 
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residues are labeled in yellow, with carbon atoms colored yellow, nitrogen atoms blue and oxygen atoms red. RBD is shown as a white surface with contact 
points (<4.0 Å) highlighted in red. f, The same view as in c, showing the RBD residues in contact with H11-H4 (omitted). RBD residues are labeled in 
black, with carbons colored in gray and other atoms as in c. g, LigPlot42 of the interaction between H11-H4 (residues shown in gold, top) and RBD (residues 
shown in red, below). Hydrogen bonds are shown as black dashes and van der Waals interactions as light gray dashes. h, Arg52 of H11-H4 CDR2 stacks 
against the Phe490 of RBD and makes salt bridge contacts with Glu484. In addition, Arg52 makes hydrogen bonds with the main-chain Ser103 (side chain 
omitted) and Tyr109. H11-H4 residues are colored as in e. RBD residues are colored as in f.
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insight into the molecular basis of recognition, crystal structures 
of the H11-H4–SARS-CoV-2 RBD complex and the H11-D4–
SARS-CoV-2 RBD complex were determined to resolutions of 1.85 
and 1.80 Å, respectively (Table 2). Both crystal structures have a 
single copy of the complex in the asymmetric unit. Superposition  
of the two complexes has confirmed that both nanobodies recognize 
the same epitope (Fig. 4b). Comparison of the structures shows  
that the entire complex superimposes with a root-mean-square devi-
ation (r.m.s.d.) of 1.0 Å over 322 Cα atoms, but the individual RBDs 
superimpose with an r.m.s.d. of 0.5 Å over 195 Cα atoms and the 
individual nanobodies with an r.m.s.d. of 0.4 Å over 127 Cα atoms.  
The higher r.m.s.d. for the complex arises from a 7° pivot motion 
of the nanobodies with respect to each other (Fig. 4c). Given the 

very high degree of similarity between the complexes, we again 
focused the description on the H11-H4–RBD complex (Fig. 4d). 
There are differences compared to the H1-D4–RBD complex, due 
to sequence changes in the CDR3 loops, and a detailed description 
of the H1-D4–RBD interface is provided in Supplementary Figs. 1 
and 2 and Supplementary Note 1.

In the complex, the CDR1 loop of H11-H4 has contributed very 
little to the interface (Fig. 4e). From CDR2, residues Arg52, Ser54 and 
Ser57 have made contacts with RBD (Fig. 4d,e). From CDR3, His100 
to Leu106, the region modified during maturation, made contacts 
with RBD (Fig. 4d,e). The surface on RBD that contacts H11-H4 
is formed by Lys444 to Phe456 and Gly482 to Ser494 (Fig. 4f).  
These two stretches of RBD sequence comprise 90% of the buried 
surface area and make all the hydrogen bonds with H11-H4 (Fig. 4g).  
In addition to these direct contacts, there are multiple bridging 
water molecules. To our surprise, the PISA server27 does not identify 
either nanobody–RBD complex as stable.

Arg52 from the CDR2 of H11-H4 was found at the heart of a 
network of interactions, including RBD residues Glu484, with 
which it made a bivalent salt link, and Phe490, with which it made 
a π–cation interaction28 (Fig. 4h). Arg52 also forms hydrogen 
bonds to the backbone carbonyl of Ser103 and side chain of Tyr109  
(Fig. 4h), which may stabilize the conformation of the CDR3 loop. 
The seven-residue stretch of the H11-H4 CDR3 region, which varied  
during maturation, contributes over 60% of the surface area buried 
by the complex and makes five hydrogen bonds to RBD (Fig. 4g).

Using the H11-D4–RBD complex, we created a model of three 
nanobodies bound to the ‘down’ (closed) form of the spike26 
(Extended Data Fig. 7d). This model does not disclose any clashes, 
suggesting that the nanobody would bind to the spike protein 
in all its conformational states, consistent with the simple ITC  
curve (Fig. 2e).

The nanobody epitope compared to other RBD binders. 
Superposition of the RBD–ACE2 complex29,30 on the H11-H4–RBD 
complex reveals that H11-H4 would, consistent with biophysics 
(Fig. 2c), plate assays (Fig. 3b,c) and neutralization experiments 
(Fig. 3d), prevent ACE2 binding to RBD (Fig. 5a). This is due to 
van der Waals clashes, principally between regions of H11-H4 that 
are not in contact with the RBD and regions of ACE2 (also not 
in contact with RBD; Fig. 5a). Interestingly the contact surface of 
H11-H4 on RBD shows only a small overlap with the ACE2 con-
tact surface (Figs. 1b and 5b). Comparison with the RBD–ACE2 
complex29,30 reveals that residues 445–500 of RBD appear to move 
as a rigid unit upon H11-H4 binding (Extended Data Fig. 8a). The 
structure of the loop centered at Val483 of the RBD has changed 
upon binding of H11-H4 (Extended Data Fig. 8b).

Given the potential for additive and synergistic effects that can 
arise from combinations of antibodies and/or nanobodies that rec-
ognize different epitopes, crystals of ternary complexes H11-H4–
RBD–CR3022 (3.3 Å) and H11-D4–RBD–CR3022 (2.7 Å) were 
obtained (Table 2). The structures are similar, and we focus on the 
higher-resolution H11-D4–RBD–CR3022 complex. As expected, 
the nanobody and the antibody bind to non-overlapping epitopes 
(Fig. 5c). Furthermore, comparison of H11-D4–RBD–CR3022 
ternary complex with both the H11-D4–RBD complex and RBD–
CR3022 complex17,18 showed that binding of the nanobody does 
not perturb the recognition of the antibody and vice versa. This is 
consistent with biophysical analysis that shows CR3022 binds to 
RBD and to the nanobody–RBD complex equally well (Fig. 2d and 
Extended Data Fig. 1f).

Discussion
It is assumed that, during the virus life cycle, the spike trimer exists 
in an equilibrium between the all ‘down’ configuration and mixed 
‘up down’ states13. The spike protein can only bind to ACE2 with 

Table 1 | Cryo-EM data collection, refinement and validation 
statistics

Spike–H11-D4 
(EMD-11068,  
PDB 6Z43)

Spike–H11-H4 
(EMD-11218,  
PDB 6ZHD)

Data collection and processing

Magnification 105,000 81,000

Voltage (kV) 300 300

Electron exposure (e−/Å2) 43 46

Defocus range (μm) 0.8–2.6 1.0–3.0

Pixel size (Å/pixel) 
(super-resolution)

0.415 0.53

Symmetry imposed C1 C1

Initial particle images (no.) 596,825 786,392

Final particle images (no.) 305,513 126,938

Map resolution (Å) 3.3 3.7

 FSC threshold 0.143 0.143

Map resolution range (Å) 3.2–9.7 3.7–7.0

Refinementa

Initial model used PDB 6VXX PDB 6Z43

Model resolution (Å) 3.4 3.7

 FSC threshold 0.143 0.143

Model resolution range (Å) 3.3–6.0 3.7–6.0

Map sharpening B factor (Å2) −117 −114

Model composition

 Non-hydrogen atoms 26,725 26,960

 Protein residues 3,351 3,419

B factors (Å2)

 Protein 119 183

R.m.s. deviations

 Bond lengths (Å) 0.005 0.006

 Bond angles (°) 0.58 1.28

Validation

MolProbity score 1.43 1.53

Clashscore 8.7 5.5

Poor rotamers (%) 0.1 0.9

Ramachandran plot

 Favored (%) 94.8 96.4

 Allowed (%) 5.1 3.6

 Disallowed (%) 0.1 0.0
aNanobody excluded from refinement.
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the RBD in the ‘up’ state11 and this results in dissociation of the tri-
mer. SARS-CoV-2 spike binds to ACE2 with a 10- to 20-fold higher 
affinity (KD of ~15 nM) than SARS-CoV-1 spike, a fact that has 
been proposed to drive its higher transmissibility13,31. Neutralizing 
antibodies that have been identified so far for SARS-CoV-1 bind 
to the RBD of the spike protein and many do so by blocking ACE2 
binding32, but CR3022 operates by a different mechanism18. We 
have identified two nanobodies, H11-H4 and H11-D4, which differ  
in sequence at five residues within the CDR3 loop (Fig. 2a) and  
have shown some subtle differences in properties (Figs. 2 and 3).  
Given that the H11-H4 nanobody has the higher affinity for RBD 
(Fig. 2e,f), the discussion focuses on this variant, but, unless  
explicitly stated, is equally valid for H11-D4.

We have shown that H11-H4 binds with high affinity to RBD  
(Fig. 2b,e,f), blocks ACE2 binding (Figs. 2c and 3b,c) and neutralize 
the virus (Fig. 3d,e). Our analysis has suggested that H11-H4 would 
bind to both the ‘all down’ as well as ‘two down one up’ conformations 
of RBD within the spike (Fig. 4a and Extended Data Fig. 7c). The 
epitope on SARS-CoV-2 RBD that is recognized by H11-H4 overlaps 
only to a limited degree with the ACE2 binding region (Fig. 5a,b).  
This region of SARS-CoV-2 RBD has several sequence changes 

when compared to SARS-CoV-1 RBD (Fig. 1b). The Pro469–Pro470 
turn in the SARS-CoV-1 RBD structure33 is very different to the 
structure at Val483–Glu484 in SARS-CoV-2. Additional sequence 
and structural changes between SARS-CoV-1 and SARS-CoV-2 
(Tyr442→Leu455, Trp476→Phe490, Asn479→Gln493) combine 
to present a very different epitope and would seem to preclude 
cross-reactivity of H11-H4. The lack of conservation of the H11-H4 
epitope between SARS-CoV-1 and SARS-CoV-2 raises the possibil-
ity that SARS-CoV-2 variants may emerge that retain ACE2 recep-
tor binding but are no longer recognized by H11-H4 or its relatives. 
At least some of the plausible escape mutations would perturb the 
position of Phe486, which inserts into a cleft in ACE2, an interac-
tion important to the increased affinity of SARS-CoV-230. The rapid 
pipeline from naive library screen to maturation and thorough char-
acterization does offer the possibility that new nanobodies could be 
generated against SARS-CoV-2 viruses that have escaped H11-H4.

The characterization of the cross-reactive (SARS-CoV-1, 
KD = 7 nM and SARS-CoV-2, KD = 40 nM) nanobody VHH72 has 
been reported recently25. This nanobody blocks ACE2 binding 
and shows neutralization activity (ND50 = 0.2 μg ml−1) against the 
SARS-CoV-2 pseudovirus25. The crystal structure of the complex 

Table 2 | X-ray crystallography data collection and refinement statistics

H11-D4–RBD  
(PDB 6YZ5)

H11-H4–RBD  
(PDB 6ZBP)

H11-H4–RBD–CR3022 
(PDB 6ZH9)

H11-D4–RBD–CR3022 (PDB 6Z2M) (PDB 6YZ7)

Data collection

Space group P3121 P3121 P 42212 P21212 P 4122

Cell dimensions

 a, b, c (Å) 78.3, 78.3, 127.1 73.2, 73.2, 131.7 156.4, 154.4, 116.3 149.7, 150.4, 119.5 154.6, 154.6, 229.3

 α, β, γ (°) 90, 90, 120 90, 90, 120 90, 90, 90 90, 90, 90 90, 90, 90

Resolution (Å)a 46–1.80 (1.85–1.80) 57–1.85 (1.90–1.85) 60–3.31 (3.37–3.31) 105–2.72 (2.96–2.72) 128–3.29 (3.35–3.29)

Rmerge 0.109 (1.7) 0.086 (2.05) 0.091 (3.9) 0.168 (1.6) 0.82 (–)

Rpim 0.036 (0.54) 0.028 (0.46) 0.018 (0.77) 0.047 (0.46) 0.094 (4.1)

I/σ (I) 20.6 (1.9) 18.2 (1.7) 21.9 (0.5) 11.2 (1.6) 4.9 (0.2)

CC1/2 1.0 (0.7) 1.0 (0.7) 1.0 (0.3) 1.0 (0.5) 1.0 (0.4)

Completeness (%) 99.7 (99.7) 99.8 (99.5) 100 (100) 65 (14) 100 (93)

Completeness (%) 
(ellipsoidal)b

95.6 (82.1)

Redundancy 19.7 (20.1) 19.7 (20.9) 25.6 (26.5) 13.7 (12.4) 78.4 (77.9)

Refinement

Resolution (Å) 46.3–1.80 (1.85–1.80) 57.2–1.85 (1.90–1.85) 128–3.31 (3.4–3.31) 78–2.71 (2.96–2.71) 128–3.29 (3.4–3.29)

No. reflections 40,120 (3,066) 35,506 (2,585) 20,977 (1,538) 47,412 (2,371) 39,015 (1,538)

Rwork/Rfree 16.6/19.3 (30.5/29.2) 18.5/21.7 (30.0/33.3) 26.3/30.5 (40.5/41.6) 19.8/24.1 (28.8/29.9) 23.7/26.8 (41.5/37.9)

No. atoms

 Protein 2,571 2,591 5,906 11,731 11,718

 Ions/buffer 64 19 – – –

 Water 241 103 – – –

Residual B factors

 Protein 38 28 118 65 157

 Ligand/ion 55 71 – – –

 Water 45 53 – – –

R.m.s. deviations

 Bond lengths (Å) 0.010 0.012 0.008 0.004 0.004

 Bond angles (°) 1.4 1.68 1.63 0.74 1.39

Data were collected from a single crystal for each structure. aValues in parentheses are for the highest-resolution shell. bThese data showed significant anisotropy and were truncated accordingly.
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between VHH72 and RBD from SARS-CoV25 showed that VHH72 
recognizes an epitope that is different from that bound by H11-H4 
(Extended Data Fig. 9a). The epitope bound by VHH72 partly over-
laps with the epitope bound by CR302218 (Extended Data Fig. 9b)  
and is found in a crystal contact between H11-H4 and RBD in 
the complex (Extended Data Fig. 9c,d). Another antibody, which, 
like CR3022, does not block ACE2 binding but neutralizes the 
virus, has also been published34, but there are no further structural 
details. Humanized nanobodies with potent neutralization activity 
against SARS-CoV-2 virus (most potent ND50 of 17–36 nM in Vero 
cells) have been described35. Some, but not all, of these nanobodies 
blocked ACE2 binding and no molecular insights into their mode 
of action were reported35. A preprint has reported a llama antibody, 
Ty1, that neutralizes pseudovirus and blocks ACE2 binding36, but 
the coordinates of the EM structure are not available.

The use of convalescent serum has shown clinical prom-
ise in patients severely ill with SARS-CoV37 and most recently 
SARS-CoV-29; such passive immune therapy has a long history in 
medicine38. The use of laboratory-produced reagents avoids some 
of the infection risks that arise from use of human serum and can 
be administered in smaller volumes. The use of antibodies as thera-
pies is well established but nanobodies have now entered clinical 
trials21, with one, caplacizumab23, now licensed. The direct injection 

of a nanobody has also shown promise in a mouse model of cobra 
venom intoxication39. Camelid VHH domains are highly conserved 
with their human counterparts, and their immunogenicity has been 
proposed to be low40, although humanization strategies are well 
developed41.

To increase the in vivo half-life and enhance avidity, nanobodies 
can be multimerized by a variety of means22. For our in vitro bind-
ing assays (Fig. 3b,c) and neutralization experiments (Fig. 3d,e), we 
created a dimeric Fc fusion construct (Fig. 3a). Because the CR3022 
antibody17,18 recognized a different epitope than H11-H4 (Figs. 2d 
and 5c), we investigated a combination of H11-H4 and CR3022 
(CR3022 concentration fixed at 84 nM). Under these assay condi-
tions, we observed evidence for an additive effect (Fig. 5d). Such 
additive combinations are a well-known strategy to reduce the pro-
pensity of the virus to escape by mutating.

This work establishes that nanobody maturation technology 
can be deployed to produce a highly neutralizing agent against an 
emerging viral threat in real time. The approach may be useful in 
identifying complementary epitopes to those identified by animal 
immunization approaches. The H11-H4 and H11-D4 nanobodies 
may find application in a cocktail of laboratory-synthesized neu-
tralizing antibodies given for passive immunization of severely ill 
COVID-19 patients.
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Fig. 5 | H11-H4 and CR3022 have different binding epitopes on RBD and show additive neutralization activities. a, Superposition using the RBD domains 
of the H11-H4–RBD complex (colored as in Fig. 4e) with the RBD–ACE2 complex (PDB 6M0J29; ACE2 colored in pale blue). When H11-H4 is bound to 
RBD, it would prevent ACE2 binding due to steric clashes. b, The region of RBD that engages ACE2 only has a small overlap with the region recognized 
by H11-H4. The RBD is shown as a molecular surface, regions that only contact ACE2 are highlighted in dark blue, and those that only contact H11-H4 are 
in red. The two helices and turn of ACE2 that contact RBD are shown in cartoon representation and are colored in light blue. CDR1, CDR2 and CDR3 of 
H11-H4 are shown in cartoon form and are colored in yellow. Tyr489 and Gln493, which contribute considerably to both binding sites, are highlighted in 
light green. c, The structure of the ternary complex H11-D4–RBD–CR3022 shows that the nanobody and antibody recognize entirely different epitopes. 
RBD is colored in red, CR3022 in pale pink and salmon, and H11-D4 in orange. d, Neutralization assay for H11-H4-Fc in the presence of CR3022 at a 
fixed concentration of 84 nM. The solid gray line represents the control values, with no neutralizing agent. Dashed lines are 50% and 10% of the control, 
respectively. Data are presented as mean and s.d. of n = 2 technical replicates. The shift in the H11-H4-Fc neutralization curve and the measured ND50 of 
2 nM indicate additivity. The experimental plates are shown in Extended Data Fig. 4d.
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Methods
Protein production. Nanobody sequences (DNA and protein), protein constructs 
and production are described in full in Supplementary Note 2. All primers used in 
this work are listed in Supplementary Table 1. Plasmids encoding the nanobodies 
described here are available at Addgene (www.addgene.org).

Screening of a VHH library to identify molecules that bind to SARS-CoV-2 
RBD . A VHH phage display library (Abcore) constructed in the vector pADL-20c  
and comprising ~1 × 1010 independent clones was inoculated into 2xTYA  
(2xTY supplemented with 100 μg ml−1 ampicillin) and infected with M13 helper 
phage to obtain a library of VHH-presenting phages. Phages displaying VHHs 
specific for the SARS-CoV-2 RBD were enriched after two rounds of biopanning 
on 50 nM and 5 nM of RBD, respectively, by capturing with Dynabeads M-280 
(Thermo Fisher Scientific). For each round of panning, the Dynabeads and phages 
were first blocked with StartingBlock (PBS) blocking buffer (Thermo Fisher 
Scientific) for 30 min. The phages were incubated with the RBD for 1 h and then 
5 min with the Dynabeads (Thermo Fisher Scientific), and subsequently washed 
six times with PBS supplemented with 0.05% Tween 20 and once with PBS. The 
retained phages were eluted through incubation with TBSC buffer (10 mM Tris 
pH 7.4, 137 mM NaCl, 1 mM CaCl2) and 1 mg ml−1 trypsin (Sigma-Aldrich) 
for 30 min. The collected phages were amplified in exponentially growing 
TG1 Escherichia coli cells and plated on 2xTY agar plates supplemented with 
100 μg ml−1 ampicillin. Enrichment after each round of panning was determined 
by plating the cell culture with 10-fold serial dilutions. After the second round of 
panning, 93 individual clones were picked to inoculate 2xTYA and were grown 
overnight at 37 °C, while shaking at 250 r.p.m. The next day, the overnight culture 
was used to inoculate 2xTYA and infected with M13 helper phage to obtain clonal 
VHH-presenting phages.

Enzyme-linked immunosorbent assays to quantitate initial binding. The wells 
of microtiter plates (Greiner high and medium binding) were coated with 5 µg ml−1 
neutravidin in PBS pH 7.4 overnight at 4 °C. The next day, the wells were coated 
with 50 nM biotinylated RBD, then blocked with 3% milk powder in PBS pH 7.4. 
Supernatant of clonal phage was added into each well, binding was detected by 
incubating the wells with horseradish peroxidase (HRP)-conjugated anti-M13  
(GE Healthcare). After washing, 100 μl of TMB substrate (SeraCare) was added and 
absorbance at 405 nm was measured with a microplate absorbance reader.

Affinity maturation of nanobody H11. Mutations in the CDR3 of nanobody 
H11 were introduced by PCR using seven pairs of forward and reverse primers 
as shown in Supplementary Table 1 (H11_AM_CDR3_F1–7 in combination with 
H11_AM_CDR3_R1–7). The mutated fragments were amplified with primers 
H11_Phd_F and H11_Phd_R, digested with SfiI restriction enzyme and cloned 
into pADL-23c phagemid (Antibody Design Laboratories). The ligated vector was 
transformed into TG1 cells by electroporation to give a phage library consisting of 
~2 × 109 independent clones. Two rounds of biopanning of the library were carried 
out on 5 nM and 1 nM RBD, respectively, as described above, and positive phage 
was identified by ELISA and sequencing.

Surface plasmon resonance and isothermal titration calorimetry. SPR 
experiments were performed using a Biacore T200 system (GE Healthcare). All 
assays were performed using a Sensor Chip Protein A (GE Healthcare), with a 
running buffer of PBS pH 7.4 supplemented with 0.005% vol/vol surfactant P20 
(GE Healthcare) at 25 °C.

To determine the binding affinity of nanobody H11 for the SARS-CoV-2 
RBD, RBD-Fc was immobilized onto the sample flow cell of the sensor chip. 
The reference flow cell was left blank. Nanobody H11 was injected over the two 
flow cells at a range of eight concentrations prepared by serial twofold dilutions 
from 2.5 μM, at a flow rate of 30 μl min−1, with an association time of 60 s and 
a dissociation time of 60 s. The data were fitted to a 1:1 binding model and to 
calculate KD using GraphPad Prism 8.

To determine the binding kinetics between the SARS-CoV-2 RBD and 
nanobody H11-H4/H11-D4, RBD-Fc was immobilized onto the sample flow cell of 
the sensor chip. The reference flow cell was left blank. Nanobody H11-H4/H11-D4 
was injected over the two flow cells at a range of five concentrations prepared by 
serial twofold dilutions from 50 nM, at a flow rate of 30 μl min−1 using a single-cycle 
kinetics program with an association time of 60 s and a dissociation time of 
60 s. Running buffer was also injected using the same program for background 
subtraction. All data were fitted to a 1:1 binding model using Biacore T200 
Evaluation Software 3.1.

In the competition assay where CR3022-Fc or ACE2-Fc was used as the ligand, 
~1,000 RU of CR3022-Fc or ACE2-Fc was immobilized. The following samples 
were injected: (1) a mixture of 1 µM nanobody H11-H4/H11-D4 and 0.1 µM RBD; 
(2) a mixture of 1 µM E08R (anti-Caspr2 Fab) Fab and 0.1 µM RBD; (3) 0.1 µM 
RBD; (4) a mixture of 1 µM nanobody H11-H4/H11-D4 and 0.1 µM spike; (5) a 
mixture of 1 µM E08R Fab and 0.1 µM spike; (6) 0.1 µM spike; (7) 1 µM nanobody 
H11-H4/H11-D4; (8) 1 µM E08R Fab. All injections were performed with an 
association time of 60 s and a dissociation time of 600 s. All curves were plotted 
using GraphPad Prism 8.

ITC measurements were carried out using an iTC200 MicroCalorimeter  
(GE Healthcare) at 25 °C. Spike, RBD and nanobody were prepared and dialyzed 
in the same buffer, that is, PBS. Nanobody was titrated into spike or RBD solution 
corresponding to ~72 μM nanobody and 6 μM spike or 250 μM nanobody and 
25 μM RBD. Each experiment consisted of an initial injection of 0.4 μl followed by 
16 injections of 2.4 μl of nanobody solution into the cell containing either spike 
or RBD, while stirring at 750 r.p.m. Data acquisition and analysis were performed 
using the Origin scientific graphing and analysis software package (OriginLab). 
Data analysis was performed by generating a binding isotherm and best fit using 
the following parameters: n (number of sites), ΔH (calories per mole), ΔS (calories 
per mole per degree) and K (binding constant in mol−1). Following data analysis, K 
was converted to the dissociation constant (KD, in nM).

ACE2 blocking and neutralization experiments. MDCK-SIAT1 cells were 
stably transfected with codon-optimized human ACE2 cDNA (NM_021804.1) 
using a second-generation lentiviral vector system and fluorescent activated 
cell sorting (FACS) for highly expressing population. Cells (3 × 104 per well) 
were seeded the day before the assay on a flat-bottomed 96-well plate. RBD-6H 
(amino acids 340–538; NITN.GPKK) was chemically biotinylated using EZ-link 
sulfo-NHS-biotin (A39256, Life Technologies). A serial half-log dilution (ranging 
from 1 μM to 0.1 nM) of analytes and controls was performed in a U-bottomed 
96-well plate in a volume of 30 μl. An equal volume of 25 nM biotinylated RBD was 
added and 50 μl of each of the resulting mixtures were added to the MDCK-ACE2 
cells for 1 h. A second layer of streptavidin-HRP (S911, Life Technologies) diluted 
1:1,600 in PBS/0.1% BSA (37525, Thermo Fisher Scientific) was then added and 
incubated for 1 h. Plates were then washed with PBS four times, and the signal 
was developed by adding POD substrate (11484281001, Roche) for 5 min before 
stopping with 1 M H2SO4. Plates were read at an optical density at 450 nm (OD450) 
on a Clariostar plate reader. The control analyte (a non-blocking anti influenza N1 
antibody) was used to obtain the maximum signal and PBS-only wells were used 
to determine background. Graphs were plotted as percent binding of biotinylated 
RBD to ACE2. Binding % = (X − min)/(max − min) × 100 where X = measurement 
of the competing component, min = buffer without binder biotinylated RBD-6H, 
max = biotinylated RBD-6H alone. The IC50 values of the nanobodies against 
ACE2 were determined using nonlinear regression [inhibitor] versus normalized 
response curve fit using GraphPad Prism 8.

MDCK-SIAT1 cells were stably transfected with RBD (amino acids 340–538  
NITN.GPKK) fused to the transmembrane and cytoplasmic domain of  
hemagglutinin H7 (A/HongKong/125/2017) (EPI977395) via a short linker for 
surface expression (sequence TGSGGSGKLSSGYKDVILWFSFGASCFILLAIV 
MGLVFICVKNGNMRCTICI*) using a second-generation lentiviral vector 
system. RBD-expressing cells were FACS sorted using the CR3022 antibody. Cells 
(3 × 104 per well) were seeded the day before the assay on a flat-bottomed 96-well 
plate. ACE2-Fc was biotinylated as above. A serial half-log dilution (ranging from 
1 μM to 0.1 nM) of analytes and controls was performed in a U-bottomed 96-well 
plate in a volume of 30 μl, then 30 μl of biotinylated Ace2-Fc at 5 nM was added 
to the titrated analytes. Cells were washed with PBS and 50 μl of each mixture of 
ACE2 and an analyte was transferred to the cells and incubated for 1 h at room 
temperature. Cells were then washed with PBS and incubated for 1 h with the 
second-layer streptavidin-HRP (S911, Life Technologies), diluted to 1:1,600, and 
developed as above. Graphs were plotted as percent binding of biotinylated ACE2 
to RBD. Binding % = (X − min)/(max − min) × 100 where X = measurement of 
the competing component, min = buffer without binder biotinylated ACE2-Fc, 
max = biotinylated ACE2-Fc alone. IC50 values of the nanobodies against ACE2 
were determined using nonlinear regression [inhibitor] versus normalized response 
curve fit using GraphPad Prism 8. Non-biotinylated ACE2-Fc-6H and VHH72-Fc 
were used as positive controls.

Plaque reduction neutralization tests at Public Health England used 
SARS-CoV-2 (Australia/VIC01/2020)43, which was diluted to a concentration 
of 933 p.f.u. ml−1 (70 p.f.u./75 μl) and mixed 50:50 in minimal essential medium 
(MEM; Life Technologies) containing 1% FBS (Life Technologies) and 
25 mM HEPES buffer (Sigma) with doubling antibody dilutions in a 96-well 
V-bottomed plate. The plate was incubated at 37 °C in a humidified box for 1 h 
to allow neutralization to take place. Afterwards, the virus-antibody mixture 
was transferred into the wells of a twice Dulbecco’s PBS-washed 24-well plate 
containing confluent monolayers of Vero E6 cells (ECACC 85020206, PHE) that 
had been cultured in MEM containing 10% (vol/vol) FBS. Virus was allowed to 
adsorb onto cells at 37 °C for a further hour in a humidified box, then the cells were 
overlaid with MEM containing 1.5% carboxymethyl cellulose (Sigma), 4% (vol/vol) 
FBS and 25 mM HEPES buffer. After five days incubation at 37 °C in a humidified 
box, the plates were fixed overnight with 20% formalin/PBS (vol/vol), washed with 
tap water and then stained with 0.2% crystal violet solution (Sigma) and plaques 
were counted. A mid-point probit analysis (written in R programming language 
for statistical computing and graphics) was used to determine the dilution of 
antibody required to reduce SARS-CoV-2 viral plaques by 50% (ND50) compared 
with the virus-only control (n = 5). The script used in R was based on a previously 
reported source script44. Antibody dilutions were run in duplicate and an internal 
positive control for the PRNT assay was also run in duplicate using a sample of 
heat-inactivated (56 °C for 30 min) human MERS convalescent serum known to 
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neutralize SARS-CoV-2 (National Institute for Biological Standards and Control, 
UK). The plates are shown in Extended Data Fig. 3c.

Plaque reduction neutralization tests in Oxford were performed using passage 
4 of SARS-CoV-2 Victoria/01/202043 using the established methodology45. 
In brief, virus stock (9.75 × 104 p.f.u. ml−1) was diluted by 10 and by 100 in 
Dulbecco’s modified Eagle’s medium containing 1% FBS (D1; 100 μl), mixed with 
nanobody-Fc (100 μl) diluted in D1 so as give a final concentrations of H11-H4 
at 100, 32, 10, 3.2 nM for measurement. As a positive control, solutions with 
CR3022 333, 167, 84 and 42 nM were prepared. Each experiment was performed 
in triplicate in a 24-well tissue culture plate. The plate was incubated at room 
temperature for 30 min and 0.5 ml of a single cell suspension of Vero E6 cells in 
D1 at 5 × 105 ml−1 was added. The plates were incubated for a further 2 h at 37 °C 
before being overlain with 0.5 ml of D1 supplemented with carboxymethyl cellulose 
(1.5%). The resulting cultures were incubated for a further four days at 37 °C before 
plaques were revealed by staining the cell monolayers with Amido Black in acetic 
acid/methanol (Extended Data Fig. 4a–d). To probe whether CR3022 and H11-H4 
were additive, solutions of H11-H4 at 100, 32, 10 and 3.2 nM were each incubated 
for 30 min with CR3022 at a final concentration of 84 nM. The resulting mixtures 
were analyzed as described above in triplicate experiments and the wells are shown 
in Extended Data Fig. 4d.

Cell lines. Oxford neutralization used Vero Ccl-81 (from a stock that was originally 
from ATCC). PHE neutralization used Vero E6 cells purchased from ECACC. 
Cell-based competition assays used MDCK-SIAT1 cells derived from a commercial 
source (Sigma-Aldrich). All mammalian protein expressions were performed with 
purchased 293Expi cells (Thermo Fisher Scientific) and E. coli cells.

Nanobody complex with spike, preparation and cryo-electron microscopy 
data collection. Purified spike protein in 10 mM HEPES, pH 8, 150 mM NaCl was 
incubated with H11-H4 purified in 50 mM Tris, pH 7, 150 mM NaCl, at a molar 
ratio of 1:3.6 (spike trimer:nanobody) at 16 °C overnight. Spike protein was used at 
a final concentration of 1 mg ml−1. The mixture was centrifuged at 21,000g at 16 °C 
before grid preparation. For H11-D4–spike, a mixture in a molar ratio of 1:6 (spike 
trimer:nanobody) was incubated at 20 °C for 10 min.

A 3 μl volume of the resulting H11-D4–spike sample was then applied to a 
holey carbon-coated 200 mesh copper grid (C-Flat, CF-2/1, Protochips) that had 
been freshly glow-discharged on high for 20 s (Plasma Cleaner PDC-002-CE, 
Harrick Plasma). Excess liquid was removed by blotting for 6 s with a blotting force 
of −1 using Vitrobot filter paper (grade 595, Ted Pella) at 4.5 °C and 100% relative 
humidity. Blotted grids were then immediately plunge-frozen using a Vitrobot 
Mark IV system(Thermo Fisher Scientific).

Frozen grids were first screened on a Glacios microscope operating at 200 kV 
(Thermo Fisher Scientific) before imaging on a Titan Krios G2 (Thermo Fisher 
Scientific) at 300 kV. Videos (40 frames each) were collected in compressed tiff 
format on a K3 detector (Gatan) in super-resolution counting mode using a 
custom EPU version 2.5 (Thermo Fisher Scientific) (Table 1). Motion correction 
and alignment of 2× binned super-resolution movies was performed using Relion 
(v3.1)46 with a 5 × 5 patch-based alignment. Contrast transfer function (CTF) 
estimation of full-frame non-weighted micrographs was performed using GCTF 
(v1.06), and non-template-driven particle picking was then performed within 
cryoSPARC (v2.14.1-live)47 followed by multiple rounds of two-dimensional (2D) 
classification. The resulting 2D class averages consistent with spike trimer were 
used for template-driven particle picking before further rounds of 2D and 3D 
classification with C1 symmetry. The resulting map from the most populous class 
was then sharpened in cryoSPARC before conversion to Relion-format star files 
using custom pyEM scripts48 (csparc2star.py, https://github.com/asarnow/pyem) 
for further CTF refinement within Relion.

An initial model for spike was generated using PDB 6VXX26 and rigid body fitted 
into the map using Chimera49 followed by Coot50. The H11-D4–RBD crystal structure 
was superimposed onto the naked spike model in Coot and checked for fit in the 
density. S1/S2 domains split into subdomains for each subunit (residues 27–307; 
308–321 and 591–700; 322–333 and 529–590; 701–1147) were then independently 
rigid body fitted in Coot50, before a final real-space refinement with PHENIX51, with 
hydrogen atoms added using ReadySet51, resulting in a final correlation coefficient 
of 0.8. The H11-D4–RBD crystal structure was used as reference structure restraints 
during refinement of the spike due to the density. Rounds of manual inspection in 
Coot50 and real-space refinement with PHENIX51 resulted in the final model. Data 
processing and refinement statistics are shown in Table 1.

For the H11-H4 spike sample, SPT Labtech prototype 300 mesh 1.2/2.0 
nanowire grids with a highly reproducible rectangular bar cross-section were used. 
The grids were glow-discharged on low for 90 s (plasma cleaner PDC-002-CE, 
Harrick Plasma) to activate the nanowires. Approximately 6 nl of the complex were 
applied to the grids using a Chameleon EP system (SPT Labtech) at 81% relative 
humidity and ambient temperature.

Frozen grids were screened and then data collected using a Titan Krios G2 
system (Thermo Fisher Scientific) equipped with a Bioquatum-K3 detector 
(Gatan) operated at 300 kV. Videos (50 frames each) were collected in compressed 
tiff format in super-resolution counting mode using a custom EPU version 2.5 
(Thermo Fisher Scientific).

Processing of videos up to 2D classification was done automatically using 
the Relion_IT.py processing pipeline implemented at eBIC. In detail, motion 
correction and alignment of 2× binned super-resolution movies were performed 
using Relion (v3.08)46 with a 5 × 5 patch-based alignment. CTF estimation of 
full-frame non-weighted micrographs was performed using GCTF (v1.06) and 
non-template-driven particle picking was then performed within crYOLO52 
followed by 2D classification. The best 2D classes clearly showing details consistent 
with the spike complex were selected for further processing. 3D classification 
was performed using emd_21374 low-pass-filtered to 60 Å. Initially the data were 
processed as C3 but relaxed to C1 as the RBD and nanobody densities were poor. 
The best C1 3D class was selected for further refinement, CTF refinement and 
particle polishing within Relion.

The coordinates from the spike–H11-D4 structure were rigid-body-docked 
into the spike–H11-H4 cryo-EM density in Chimera49 and then refined with 
multiple rounds of jelly body refinement using RefMac5 via CCP-EM GUI53,54, 
and manual intervention with Coot resulted in a final correlation coefficient 
of 0.78. Due to the limited resolution of the nanobody density in the cryo-EM 
map, the refined nanobody structure was replaced by the docked H11-H4–RBD 
crystal structure in the final model. Finally, the nanobodies were docked as rigid 
bodies into the cryo-EM density using Chimera49 to optimize their position. Data 
processing and refinement statistics are shown in Table 1.

H11-D4–RBD–CR3022 and H11-H4–RBD–CR3022 crystallography. Purified 
RBD, Fab CR3022 and H11-D4 were mixed together at a molar ratio of 1:1:1 to 
a final concentration of ~7 mg ml−1 and incubated at room temperature for 1 h. 
Initial screening was performed in 96-well plates using the nanoliter sitting-drop 
vapor diffusion method. The best crystals were grown in conditions containing 
0.1 M sodium citrate tribasic dihydrate, pH 5.0 and 10% (wt/vol) polyethylene 
glycol (PEG) 6000.

Purified RBD, Fab CR3022 and nanobody H11-H4 were mixed together at 
a molar ratio of 1:1:1.1, incubated at room temperature for 1 h and run on a gel 
filtration column. Initial screening was performed in 96-well plates using the 
nanoliter sitting-drop vapor diffusion method. The best crystals were grown by 
mixing 0.1 μl of the 20 mg ml−1 H11-H4–RBD–CR3022 complex with 0.1 μl of the 
crystallization buffer as above. Crystals were soaked in cryoprotectant containing 
70–75% reservoir solution and 20–25% glycerol for a few seconds, then mounted 
in loops and frozen in liquid nitrogen before data collection at beamline I03 of 
Diamond Light Source, UK.

Two crystal forms for H11-D4–RBD–CR3022 were obtained (Table 2). For the 
first form collected, three crystals, 360° each, were merged to give a final dataset 
to 3.3-Å resolution with 78-fold redundancy. A second form appeared later and 
yielded 2.7 Å from a single crystal, although the data were anisotropic. A single 
crystal of H11-H4–RBD–CR3022 was collected.

Data were indexed, integrated and scaled with the automated data-processing 
program Xia2-dials55,56. The crystal structure of the first crystal of the H1-D4–
RBD–CR3022 complex was solved by molecular replacement using the known 
RBD–CR3022 structure (PDB 6YLA18) and the known structure of the nanobody 
9G8 (PDB 4KRP57). The high-resolution structures of the H11-D4–RBD and 
H11-H4–RBD complexes then became available and were used in subsequent 
solutions. The electron density H11-H4–RBD–CR3022 was, as seen in the 
low-resolution H11-D4–RBD–CR3022 structure, poor for the nanobody—a 
reflection of the relatively low resolution of the study.

Model rebuilding was done with Coot50, initially refined with PHENIX51 then 
with REFMAC558 aided by PDB-REDO59, MOLPROBITY60 and the TLSMD 
server61.

H11-H4–RBD and H11-D4–RBD crystallography. Each nanobody was mixed 
with 8.7 mg of RBD at 2.9 mg ml−1 at a molar ratio of nanobody:RBD of 1.1:1 and 
the complex was incubated for 3 h in a cold room under agitation at 2 r.p.m. RBD 
in the complex was deglycosylated by the addition of 0.4 mg of EndoH glycosidase 
and incubated overnight at room temperature, under agitation at 2 r.p.m. The 
mixture was then concentrated to 1 ml with a 5-kDa molecular weight cutoff 
(MWCO) concentrator and injected for gel filtration using a Superdex 200 10/300 
system (GE) in 50 mM Tris pH 7, 150 mM NaCl. The peak fractions were pooled 
and concentrated using a 5-kDa MWCO concentrator to 10 mg ml−1, 18 mg ml−1 
and 29 mg ml−1.

Crystallization screening was performed on the Diamond/RCaH/RFI HTP 
crystallization facility at Harwell. Crystals of H11-D4–RBD were grown at 20 °C 
using the sitting-drop vapor diffusion method by mixing 0.2 μl of the 18 mg ml−1 
complex with 0.1 μl of the crystallization buffer containing 0.2 M sodium acetate 
trihydrate, 0.1 M MES pH 6.0, 20% wt/vol PEG 8000. H11-D4–RBD crystals grew 
overnight and were flash-cooled in a solution containing the mother liquor with 
30% (vol/vol) ethylene glycol. Crystals of H11-H4–RBD were grown at 20 °C using 
the sitting-drop vapor diffusion method by mixing 18 mg ml−1 of complex with 
0.1 μl of the crystallization buffer containing 0.2 M lithium sulfate, 0.1 M Bis Tris 
pH 5.5 and 25% wt/vol PEG 3350. H11-H4–RBD crystals grew overnight and  
were flash-cooled in a solution containing the mother liquor with 30% (vol/vol)  
PEG 400. Diffraction data were also collected and processed at beamline I03 at 
Diamond Light Source. The H11-D–RBD structure was solved by molecular 
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replacement62 using the RBD and H11-D4 monomers from the ternary complex 
above. Refinement was carried out as described above for the ternary complex. The 
H11-H4–RBD complex was solved using the H11-D4–RBD complex. Statistics for 
X-ray data collection and structure refinement are provided in Table 2. Electron 
densities for both complexes are shown in Extended Data Fig. 8c,d.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this Article.

Data availability
The coordinates and structure factors were deposited in the wwPDB with accession 
nos. PDB 6ZH9 (H11-H4–RBD–CR3022), 6ZBP (H11-H4–RBD), 6YZ7 and 
6Z2M (H11-D4–RBD–CR3022) and 6YZ5 (H11-D4–RBD). EM maps and models 
are deposited in the EMDB and wwPDB under accession codes EMD-11218 
and PDB 6ZHD (prefusion spike with H11-H4); EMD-11068 and PDB 6Z43 
(prefusion spike with H11-D4). The underlying biophysical data and raw images 
for neutralization are provided in the Extended Data. Nanobody sequences are 
provided in Supplementary Note 2.
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Extended Data Fig. 1 | Biophysics of the nanobody binding to RBD. (a) Raw sensorgrams for the H11 parent nanobody. (b) KD of the H11 parent nanobody. 
(c) H11-H4 binding to RBD-Fc, repeat of Fig. 2b. (d) H11-H4 binding to RBD-Fc. (e) Binding of analytes to ACE2-Fc immobilized on the chip. H11-D4 
behaved identically to H11-H4 (Fig. 2c). (f) Binding of analytes to CR2022-Fc immobilized on the chip. H11-D4 behaved identically to H11-H4 (Fig. 2d).
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Extended Data Fig. 2 | ITC measurements of nanobodies binding to RBD or Spike. (a) Three independent ITC measurement of H11-H4 and H11-D4 
binding to RBD. The errors are s.e.m. for three independent experiments, including the one shown in Fig. 2d. (b) As above, but with the Spike protein.
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Extended Data Fig. 3 | Neutralization of live virus at Public Health England. The percentage reduction in plaques arising from virus is plotted againt 
increasing (left to right) concentration of (a) H11-H4-Fc (6 nM, 95 % CI 3–9 nM) (b) H11-D4-Fc (18 nM, 95 % CI 9–68 nM). The confidence intervals are 
shown as dashed lines. In Figure 3d,e 5d % infectivity (% infectivity = 100 - % plaque reduction) is plotted against decreasing (left to right) concetration 
of the agent. (c) The experimental plate with the codes noted below. The plaques caused by the virus are visible.
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Extended Data Fig. 4 | Neutralization of live virus at Oxford university. The concentration of neutralizing agent was held constant across a row and 
decreased on subsequent rows. The agent was tested against high and low virus concentrations. (a) Control plate no agent. (b) CR3022. (c) H11-H4-Fc. 
(d) H11-H4-Fc varied and CR3022 held constant at 84 nM. Images on left show plaques before pen counting, on the right the pen counts are shown.
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Extended Data Fig. 5 | Cryo-EM of the H11-H4–Spike complex. (a) Unbiased 2D class averages of the complex. (b) 2D class averages selected for further  
processing. (c) FSC resolution criteria. (d) Particle orientation distribution for the final map showed no preferred orientation. (e) Final map colored according 
to local resolution. (f) Ribbon diagram of the complex and map (gray) contoured at 4 σ Chimera49. (g–i) The three H11-H4 nanobodies with map  
contoured at 4 σ Chimera49. Maps in f-i used amplitudes scaled based on the refined coordinates using LocScale63.

 63. Jakobi, A. J., Wilmanns, M. & Sachse, C. Model-based local density sharpening of cryo-EM maps. Elife 6, e27131 (2017).
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Extended Data Fig. 6 | Cryo-EM of the H11-D4–Spike complex. (a) Unbiased 2D class averages of the complex. (b) 2D class averages selected for 
further processing. (c) FSC resolution criteria. (d) Particle orientation distribution for the final map showed no preferred orientation. (e) Final map colored 
according to local resolution. (f) Ribbon diagram of the complex and map (grey) contoured at 3.8 σ Chimera49. (g–i) The three H11-D4 nanobodies with 
map contoured at 3.8 σ Chimera49. Maps in f-i used amplitudes scaled based on the refined coordinates using LocScale63.
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Extended Data Fig. 7 | Further analysis of the cryo-EM nanobody–Spike complexes. (a) The H11-D4–Spike complex is colored as Fig. 4a. (b) The H11-H4–
Spike shown in surface and colored in Fig. 4a, has revealed there is an interaction between H11-H4 bound to a down subunit and the up RBD. (c) A close of 
up of the interaction shown in Extended Data Fig. 4a. Shown in dark blue is the down RBD from the Spike structure (PDB 6vyb13. The down RBD has shifted 
by around 2 Å. (d) A model constructed from the closed structure of the Spike bound to H11-H4 revealed no clash, indicating the nanobody will recognize 
this form too. The model was constructed by superimposing the H11-H4–RBD complex onto the EM structure of the closed form of Spike (PDB 6vxx13).
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Extended Data Fig. 8 | Further structural analysis of nanobody–RBD crystal structures. ((a) Superimposing the RBDs from the complex with ACE229 
(colored bluewhite PDB 6m0j) and the complex with H11-H4, using residues 484 to 510, indicated a hinging movement occurs within the RBD. As a result 
of this hinge, the Cα of His 519 has shifted 2.1 Å. (b) The binding of H11-H4 results in local shifts at Val483 of the RBD from the ACE2 complex PDB 60J29 
(c) 2Fo-Fc electron density map contoured at 2 σ for residues at the H11-H4–RBD interface. (d) 2Fo-Fc electron density map contoured at 2 σ for residues 
at the H11-D4–RBD interface.
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Extended Data Fig. 9 | H11-H4 and VHH72 recognize different epitopes. (a) VHH72 (black) and H11-H4 (yellow) recognize different epitopes on RBD 
(red). (b) The epitopes for VHH72 and CR3022 (pale pink and lilac) overlap. The figure was generated by superimposing RBD from the CR3002 RBD 
complex18 (PDB 6YLA), VHH72 SARS-CoV-1 RBD complex25 (PDB 6WAQ) and the H11-H4–RBD complex. (c) Analysis of the crystal packing in the 
H11-H4–RBD complex revealed that the crystal contact uses the same epitope on the RBD. The crystal contact surface used by H11-H4 is different from 
that used by VHH72 (the nanobodies are rotated by 180 ° around vertical axis that passes through the center of nanobody). (d) Close up of the crystal 
contact revealed an antiparallel β-sheet type interaction.
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