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ABSTRACT: The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) entry into cells is a complex process that
involves (1) recognition of the host entry receptor, angiotensin-converting enzyme 2 (ACE2), by the SARS-CoV-2 spike protein
receptor binding domain (RBD), and (2) the subsequent fusion of the viral and cell membranes. Our long-term immune-defense is
the production of antibodies (Abs) that recognize the SARS-CoV-2 RBD and successfully block viral infection. Thus, to understand
immunity against SARS-CoV-2, a comprehensive molecular understanding of how human SARS-CoV-2 Abs recognize the RBD is
needed. Here, we report the sequence-specific backbone assignment of the SARS-CoV-2 RBD and, furthermore, demonstrate that
biomolecular NMR spectroscopy chemical shift perturbation (CSP) mapping successfully and rapidly identifies the molecular
epitopes of RBD-specific mAbs. By incorporating NMR-based CSP mapping with other molecular techniques to define RBD-mAb
interactions and then correlating these data with neutralization efficacy, structure-based approaches for developing improved
vaccines and COVID-19 mAb-based therapies will be greatly accelerated.

Coronavirus disease 2019 (COVID-19) is an ongoing
global pandemic caused by the severe acute respiratory

syndrome coronavirus-2 (SARS-CoV-2) ssRNA virus.
Although a number of vaccines are now available to prevent
serious disease and hospitalization,1 additional treatment
options, such as antivirals, anti-inflammatories, and mono-
clonal antibody (mAb) therapies, are desperately needed for
critically ill patients battling the infection. Further, the
emergence of escape variants portend the need for new or
modified vaccines to combat novel variants.2−4

It is now well-established that many neutralizing antibodies
isolated from convalescent patients target the SARS-CoV-2
spike, or ‘S’, protein.5,6 The S protein is a transmembrane
glycoprotein that forms homotrimers on the SARS-CoV-2
surface and mediates host cell entry and fusion via binding to
the angiotensin-converting enzyme 2 (ACE2).7−9 The S
protein receptor binding domain (RBD) of the spike protein
interacts with ACE2.9 Of the 2076 SARS-CoV-2 targeting
mAbs isolated since May 2020, 55% (1150) target the RBD.
Furthermore, 51% of these (585) are reported as neutralizing,
demonstrating the central importance of RBD for eliciting
potent and effective immune responses.10

Defining the molecular basis of mAb recognition of the RBD
provides key insights into antigenicity and sites of vulnerability,
providing key molecular information to improve existing
COVID-19 therapies and vaccines.11−14 To date, 116 RBD-
mAb structures have been determined using either X-ray
crystallography and/or cryoelectron microscopy (cryo-EM).10

These data have led to the discovery of three key, distinct RBD
epitopes: the receptor binding site (RBS; with 4 subepitopes),
the CR3022 binding site, and the S309 binding site (Figures
1A, S1, green, orange, and lavender surfaces, respectively;
CR3022 and S309 are anti-RBD mAbs).12,15,16 However, if and
how these major RBD epitopes are subdivided into distinct

classes of subepitopes that correlate with neutralization efficacy
is an important, actively researched question. This is because
the 116 mAb:RBD structures represent only a fraction (10%)
of the isolated mAbs demonstrated to bind the RBD. Despite
the critical insights into the mechanisms of SARS-CoV-2
neutralization provided by these structures, an additional
complementary experimental method that is fast and provides
molecular data regarding the mAb-RBD binding mechanism
would greatly augment and accelerate these efforts.
Here, we show that biomolecular NMR chemical shift

perturbation (CSP) mapping using (2H,15N)-labeled RBD
titrated with RBD-binding Fab fragments (antibody binding
fragment of mAb) can help fill this missing knowledge gap.
Our data demonstrate that despite the size of the Fab-RBD
complex (∼70 kDa), the 2D [1H,15N] TROSY spectra of the
RBD:RBD-binding Fab complex are of outstanding quality,
allowing the CSPs to be readily analyzed and the RBD residues
that mediate mAb binding to be identified. Further, because it
is a solution-based technique, multiple mapping experiments
can be performed in a timely manner, limited only by the time
it takes to express and purify the Fabs themselves. By using
NMR CSP mapping in addition to X-ray crystallography and
cryo-EM, the full catalog of RBD epitopes may be molecularly
defined, and not just those amenable to crystallographic and/
or cryo-EM methodologies. This approach will allow the full
collection of epitope-binding mAbs to be classified based on
their RBD-binding interface.12,15,16 Further, correlating neu-
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tralization efficacy with each RBD-binding class, as has been
initiated for those binding classes identified by crystallography
and cryoEM,16 will lead to novel approaches for developing
improved vaccines and COVID-19 mAb-based therapies.
Fab:RBD interactions are typically strong (KD, nM range).11

Thus, these complexes will behave akin to an ∼70 kDa protein,
which requires strict protein deuteration and the use of

transverse relaxation optimized spectroscopy (TROSY).17

Uniformly (2H,15N)- or (2H,15N,13C)-labeled SARS-CoV-2
RBD (aa 331−528) was expressed as inclusion bodies in E. coli
and the protein refolded by rapid dilution using a reduced-
oxidized glutathione (GSH:GSSG) redox buffer (Figure 1B,
inset). Properly folded RBD was isolated using size exclusion
chromatography, and the thermal stability, Tm, was determined
to be 49.6 ± 0.1 °C (SEM; n = 4).
Because CSP mapping experiments are only capable of

defining protein:protein interactions with a highly complete
specific backbone assignment of the protein (or proteins)
under investigation, we next determined the sequence-specific
backbone assignment of the RBD. The fully annotated 2D
[1H,15N] TROSY-spectrum of the RBD is shown in Figure 1B.
The completeness of the sequence-specific backbone assign-
ments of the expected backbone peaks is 88% (166/186).
Most residues in functionally critical regions, including the
major RBD epitopes, are assigned, with the assignments for the
RBS, CR3022, and S309 binding sites being 86%, 79%, and
89% complete, respectively. Unassigned RBD residues are
largely localized to a single patch near the RBD N-terminus,
which overlaps just slightly with the bottom tips of the
CR3022 and S309 binding surfaces (Figure 1C). Chemical
shift index calculations derived from Cα and Cβ chemical
shifts showed that the secondary structure elements of the
RBD in solution map perfectly to those observed in the RBD
crystal structure (Figure 1D; compared to RBD crystal
structure in PDBID 6W4111).
The dynamics of the RBD domain were analyzed using

15N{1H}-NOE (hetNOE) measurements, which reports on
fast time scale (ps to ns) backbone motions. Three regions in
the RBD have residues with hetNOE values <0.7:368−375
loop, 382−387 loop, and 476−489 loop, indicating higher
flexibility. Consistent with this result, these loops exhibit higher
variability in crystal structures of the RBD (for resolutions
better than 2.25 Å). While loops 368−375 and 382−387
directly flank the CR3022 binding interface, loop 476−489
defines the ridge bound by the ACE2 receptor and many RBS
mAbs (Figure 2A−C).
Next we asked if CSP mapping would be a viable approach

for identifying Fab:RBD interaction surfaces. For this proof-of-
principle study, we used the Fab from the well-characterized
mAb CR3022 (hereafter, the Fab is referred to as CR3022).18

CR3022 was derived from a mAb that was originally isolated
from a SARS-CoV convalescent patient.19 It was later shown to

Figure 1. Sequence-specific backbone assignment of the SARS-CoV-2
spike receptor binding domain (RBD). (A) Surface representation of
the RBD, with the major known antibody-binding epitopes colored in
light green (receptor binding site, RBS), light orange (CR3022
binding site), and lavender (S309 binding site). (B) Fully annotated
2D [1H,15N] TROSY spectrum of the RBD (800 MHz 1H Larmor).
Assigned peaks are labeled with the corresponding residue (single
letter code) and number in the protein sequence. (C) Surface
representation of assigned residues. Prolines are shaded dark gray, and
unassigned residues are shaded light yellow. (D) Chemical shift
index/secondary structure propensity plot of the RBD; secondary
structural elements are shown above.

Figure 2. RBD dynamics. (A) 15N{1H}-NOE of the RBD (600 MHz 1H Larmor) identifies three loops with increased flexibility (light green
background: 368−375, 382−387, and 476−489). (B) Cartoon of the RBD with the three flexible loops colored green; RBD orientation identical to
that in Figure 1A, left panel. (C) Overlay of RBD crystal structures with the RBD from 6w41 (2.25 Å resolution or better: 7EAN, 7KFY, 7KFX,
7LM8, 7CJF, 7DEU, 7KN523, 7KMI, 7LOP, 7B3O, 6YZ5, 7EAM; average Cα−Cα RMSD is 0.91 Å, 1.18 Å, 0.89 Å, and 1.07 Å for loops 368−375,
382−387, 476−489, and 516−521, respectively; overall Cα−Cα RMSD is 0.51 Å). Residues 516−521 (*) are unassigned.
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cross-react with the RBD from SARS-CoV-2.20 Because the
structure of CR3022 bound to the SARS-CoV-2 RBD has been
determined using X-ray crystallography,11 the overlap between
the interface determined using NMR chemical shift perturba-
tion mapping and X-ray crystallography can be readily
assessed.
In this experiment, (2H,15N)-labeled RBD was incubated

with increasing ratios of unlabeled CR3022 (1:1.1, 1:2, 1:2.5)
and a 2D [1H,15N] TROSY spectrum recorded. The spectrum
is of excellent quality for a complex of this size (70 kDa) with
no apparent loss of signals due to line broadening and the
1H,15N cross-peaks are well-resolved (Figure 3A). Thus, the
chemical shift perturbations in the RBD caused by CR3022
binding can be readily detected. Direct comparison of the 2D
[1H,15N] TROSY spectra of the free and CR3022-bound RBD
revealed CSPs, which allowed 145 peaks to be readily assigned,
19 of which experience CSPs greater than 2σ (Figure 3B). The
remaining ∼20 peaks shifted to such a great extent that they
could not be confidently assigned. Mapping the residues that
experience CSPs onto the surface of the RBD shows that the

majority of the most significantly shifted peaks correspond to
residues at the RBD-CR3022 interface (Figure 3C, D). In
particular, comparing the residue-specific CSPs with the
corresponding buried solvent accessible surface area shows
that the major and two minor interaction sites (major: residues
369−392; minor: residues 427−430, 515−519) as identified
using X-ray crystallography (Figure 3D) are also readily
identified using NMR CSP mapping (Figure 3B), with the
major interaction site residues, which constitute 78% of the
total RBD BSA, corresponding to those residues that
experience the largest CSPs. Further, of the 29 residues that
constitute the CR3022 interface, 26 experience a CSP that is
either greater than the 2σ threshold or shifted to such an extent
they could not be confidently assigned (only K386, D427, and
D428 had CSPs less than the 2σ threshold). These data
unequivocally confirm that CSP mapping is an ideal approach
for rapidly identifying the RBD residues that bind RBD-specific
Fabs.
The data also show that there are also some small differences

between the two techniques. For example, K386 experiences

Figure 3. CSP mapping identifies RBD epitopes. (A) Overlay of the 2D [1H,15N] TROSY spectrum of the (2H,15N)-labeled SARS-CoV-2 RBD in
the absence (black) and presence (red; 1:2.5 molar ratio; saturation was reached at a 1:1 molar ratio but the 1:2.5 spectrum, which is shown, has
the best S/N ratio due increased recording time) of CR3022 (800 MHz 1H Larmor). (B) CSPs of RBD in the presence of CR3022. Pro residues
and residues missing backbone assignment are shown as ‘*’ (black, Pro; yellow, unassigned). The 20 residues that shifted to an extent that they
could not be confidently assigned by analyzing nearest peak are shown as pink bars. Nineteen residues exhibit CSPs greater than 2σ (0.12 ppm, gray
dashed line). (C) RBD CSPs mapped onto the RBD surface with extent of CSP indicated by color (light gray, no observed CSP, to magenta, most
significant CSPs). Upper, RBD with the CR3022 Fab heavy (yellow) and light (beige) chains shown as either a surface or a cartoon; lower, RBD
with CSPs mapped onto the surface (proline/unassigned residues in black). Dashed orange ellipse indicates major CR3022 Fab binding interface.
(D) Buried solvent accessible surface area (BSA, buried surface area) of RBD residues when bound to CR3022 (PDBID 6W41).
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the second largest loss of solvent accessible surface area upon
CR3022 binding, while its CSP is less than the 2σ threshold.
This is because CR3022 binding fully buries the K386 side
chain, which results in a large loss of solvent accessible surface
area, while the CSP measure changes in the amide-proton
backbone. Together, these results demonstrate that, for K386,
CR3022 interacts predominantly with the side chain versus the
backbone. Conversely, three residues (408−410) experience
CSPs greater than the 2σ threshold, yet only one of these
residues, R408, has solvent accessible surface area buried by
CR3022 and the extent is only minimal (10 Å2; side chain).
Although the R408 BSA change is minimal, the CSP data
demonstrate that this residue defines a minor interaction site.
Thus, NMR CSP mapping, in addition to identifying major
binding epitopes, also readily identifies minor interaction sites.
Together, these data demonstrate that current ambitious

efforts to correlate RBD-specific mAb binding mechanisms
with neutralization efficacy can be greatly accelerated by
incorporating NMR CSP mapping, in addition to X-ray
crystallography and cryo-EM, for characterizing the Fab-RBD
interface at molecular resolution. Although using CSP mapping
for identifying Fab-antigen interfaces is not new,21,22 it has not
been widely used, likely due in part to the need for an antigen
that is amenable for NMR spectroscopy. Here, we show that
the RBD domain is ideal for these studies and that CSP
mapping will allow the full complement of RBD-mAb to be
rapidly defined. Because NMR readily detects interactions with
even mM affinities, any reduction in affinity due to the absence
of glycosylation on RBD residue N343 is not expected to
negatively impact epitope identification. Finally, by generating
variants of the RBD that are present in novel, more infectious
SARS-CoV-2 strains, one can also use CSP mapping to
identify, at a molecular level, how the Fab-RBD interaction
changes as a result of RBD mutations. Together, by integrating
biomolecular liquid-state NMR with X-ray crystallography and
cryo-EM for defining all RBD-Fab interactions and correlating
these data with neutralization efficacy, structure-based
approaches. for the development of improved vaccines and
COVID-19 mAb-based therapies may be more rapidly realized.
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