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Abstract—COVID-19 has caused millions of deaths and many times more infections worldwide, emphasizing the
unpreparedness of the global health system in the face of new infections and the key role for vaccines and thera-
peutics, including virus-neutralizing antibodies, in prevention and containment of the disease. Continuous evolu-
tion of the SARS-CoV-2 coronavirus has been causing its new variants to evade the action of the immune system,
which highlighted the importance of detailed knowledge of the epitopes of already selected potent virus-neutral-
izing antibodies. A single-chain antibody (“nanobody”) targeting the SARS-CoV-2 receptor-binding domain (RBD),
clone P2C5, had exhibited robust virus-neutralizing activity against all SARS-CoV-2 variants and, being a major
component of the anti-COVID-19 formulation “GamCoviMab”, had successfully passed Phase I of clinical trials.
However, after the emergence of the Delta and XBB variants, a decrease in the neutralizing activity of this nano-
body was observed. Here we report on the successful crystal structure determination of the RBD:P2C5 complex
at 3.1 A, which revealed the intricate protein—protein interface, sterically occluding full ACE2 receptor binding by
the P2C5-neutralized RBD. Moreover, the structure revealed the developed RBD:P2C5 interface centered around
residues Leu452 and Phe490, thereby explaining the evasion of the Delta or Omicron XBB, but not Omicron
B.1.1.529 variant, as a result of the single L452R or F490S mutations, respectively, from the action of P2C5.
The structure obtained is expected to foster nanobody engineering in order to rescue neutralization activity and
will facilitate epitope mapping for other neutralizing nanobodies by competition assays.
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INTRODUCTION

Infectious disease outbreaks, whether pandemic
or seasonal, impose significant economic and social
burdens. The therapeutic use of virus-neutralizing an-
tibodies has emerged as a promising strategy against

* To whom correspondence should be addressed.

certain infectious diseases [1-5]. However, the continu-
al evolution of viral strains during ongoing epidemics
can undermine the effectiveness of existing treatments.
Mutations in emerging variants can diminish the po-
tency of established antibody therapies [6], underscor-
ing the need for detailed structural insights into virus-
neutralizing antibody epitopes to bolster therapeutic
design through protein engineering methods [7, 8].
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Amidst the COVID-19 (Coronavirus disease 2019)
pandemic, which has claimed over 7 million lives glob-
ally from 2019 to April 2024 (https://covid19.who.int),
researchers worldwide have mobilized efforts to de-
velop monoclonal antibodies with potent virus-neu-
tralizing capabilities. These efforts have predominant-
ly targeted the SARS-CoV-2 (severe acute respiratory
syndrome-related coronavirus 2) surface glycoprotein
(S, or Spike protein), aiming to disrupt its interaction
with the ACE-2 cellular receptor and thwart viral entry
into human cells [9-13].

In the National Research Center for Epidemiol-
ogy and Microbiology, named after Honorary Aca-
demician N.F. Gamaleya of the Ministry of Health of
the Russian Federation, a drug called GamCoviMab
based on a mix of two neutralizing antibodies, in-
cluding the P2C5 clone, has been developed (https://
classic.clinicaltrials.gov/ct2/show/NCT05729360). This
drug demonstrated efficacy in a model of lethal ACE-2
transgenic mouse infection with various SARS-CoV-2
variants, including the Omicron BA.1, BA.2, and BA.5
variants. Evaluation of the drug’s invitro virus-neu-
tralizing activity against these Omicron variants re-
vealed a minimum effective concentration of less than
1.2 uyg/ml [14, 15]. P2C5-containing preparation has
successfully passed Phase I of clinical trials. However,
after the emergence and wide distribution of the Delta
coronavirus variant harboring an L452R mutation and
Omicron XBB.1 variant harboring an F490S mutation
in the receptor-binding domain (RBD), a decrease in
the neutralizing activity of this clone was found.

Novel SARS-CoV-2 variants, such as Delta and
Omicron lineages, have raised substantial concerns
due to their potential to evade immune responses and
resist current therapeutic interventions based on pre-
viously very potent neutralizing antibodies [16-19].
In response to these evolving challenges, research into
the mechanism of neutralization and antibody evasion
by novel variants with mutated RBD of the S protein
has garnered significant attention.

This study reports on the successful crystal struc-
ture determination and analysis of the complex be-
tween the virus-neutralizing single-chain antibody
P2C5 and either glycosylated or deglycosylated forms
of the Wuhan SARS-CoV-2 S RBD.

MATERIALS AND METHODS

Cell lines and viruses. CHO-S cell line was
purchased from Thermo Fisher Scientific (USA),
cat. no. R80007. VeroE6 cells (ATCC CRL 1586) were
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obtained from the Russian Collection of Cell Cultures
of Vertebrates (CCCV). Cells were cultured at 37°C and
5% CO; in Dulbecco’s Modified Eagle Medium (DMEM;
Gibco, Switzerland), supplemented with 10% (v/v) fetal
bovine serum (Hyclone/Cytiva, USA).

SARS-CoV-2 strains B.1.1.1 (Wuhan D614G, hCoV-19/
Russia/ Moscow_PMVL-1/2020), B.1.617.2 (Delta, hCoV-19/
Russia/SPE-RII-32758S/2021), B.1.1.529.1 (Omicron BA.1,
hCoV-19/Russia/MOW-Moscow_PMVL-016/2021), Omi-
cron XBB.1.17.2 (hCoV-19/Russia/SPE-RII-4422S/2022)
were isolated from nasopharyngeal swabs.

The bacterial strain Escherichia Coli Rosetta
(DE3) was purchased from Merck-Millipore (USA), cat.
no. 70954.

Recombinant proteins expression and puri-
fication. Plasmid DNA containing P2C5 coding se-
quence was transformed into E.coli Rosetta DE3
(Merck-Millipore). The transformed cells were cul-
tured in 2xYT medium supplemented with ampicillin
(100 pg/ml) at 37°C at 210 rpm to ODggp 0.5-0.8. Then IPTG
(Anatrace, USA) was added (0.1 mM) and the culture
was grown at 30°C overnight. Recombinant P2C5 with
a C-terminal 6xHis-tag was isolated from the E. coli
periplasm by cold osmotic shock and purified by met-
al-ion affinity chromatography, as described in previ-
ous work [15, 20]. Also, P2C5 VHH was transformed to
a P2C5-Fc format by fusing P2C5 nucleotide sequence
to the human IgG1 Fc-fragment sequence. The obtained
construction was cloned into the mammalian expres-
sion vector pCEP4 (Thermo Fisher Scientific).

The Spike protein receptor-binding domain (RBD)
sequences of different variants of SARS-CoV-2 (Wuhan-
Hu-1, Gamma, Delta, and Omicron XBB) and also
N-terminally truncated RBD of Wuhan-Hu-1 variant
sequence (coding amino acid residues 333-541) were
cloned into the pCEP4 vector. The information con-
cerning RBD sequences and mutations are summarized
in Fig. 4b. The RBD expression constructs contained
C-terminal polyhistidine tags for further purification
steps.

For recombinant protein expression, CHO-S cells
(Thermo Fisher Scientific) were transfected with the
obtained pCEP4 vectors using the CHOgro™ Expression
System (Mirus Bio, USA) according to the manufac-
turer’s instructions. Polyhistidine-tagged recombinant
proteins were purified from cell culture superna-
tants using metal-ion affinity chromatography resin
Sepharose 6 Fast Flow, AKTA Start system and HisTrap
HP column (Cytiva). The second purification step was
performed using size exclusion chromatography res-
in Superdex 200 (Cytiva). P2C5-Fc was purified using
HiTrap Protein A (Cytiva). The purity of recombinant

Abbreviations: ACE2, angiotensin-converting enzyme 2; CDR, complementarity-determining region; COVID-19, Coronavirus
disease 2019; RBD, receptor-binding domain; RMSD, root-mean-square deviation of atomic positions; SARS-CoV-2, severe

acute respiratory syndrome-related coronavirus 2.
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proteins was assessed by Coomassie Blue staining of
SDS-PAGE gels.

Peptide-N-Glycosidase F (PNGase F) for optional
RBD deglycosylation was produced in the recombinant
form in previous work [20].

ELISA. 96-well immunoplates (Greiner, Austria)
were coated with antigens (1 pg/ml) overnight at 4°C.
Wells were blocked with 5% non-fat milk (PanReac
AppliChem, Spain) in phosphate-buffered saline with
0.05% Tween-20 (TPBS). Serial three-fold dilutions of
P2C5 (10 pug/ml to 4.5 ng/ml) were added to the wells.
Then horseradish peroxidase (HRP)-conjugated rab-
bit anti-Myc tag antibodies (ab1326, Abcam, UK) were
added. EC50 values were calculated using GraphPad
Prism 7 software. In this study, we used the following
antigens: receptor-binding domains of spike proteins
of Wuhan, Gamma, Delta and XBB.1 virus variants,
S1 subdomain of spike protein of Omicron B.1.1.529
variant (Sino Biological) (RBD mutations in this variant
are the same as in Omicron BA.1).

Virus neutralization assay. Neutralization assay
with live SARS-CoV-2 was performed as previously
described [15]. Serial two-fold dilutions of P2C5 an-
tibodies at concentrations ranging from 20 mg/ml to
1.2 ng/ml were mixed with 100 TCIDs, of SARS-CoV-2
virus (Omicron XBB.1.17.2 or B.1.1.1). The mixture was
incubated for 1 h at 37°C and added to a monolayer
of Vero E6 cells. After incubation (96-120 h) at 37°C
in 5% CO,, the neutralizing activity of the antibody
was assessed visually by the ability to inhibit the cy-
topathic effect of the virus (CPE). The minimum neu-
tralizing concentration of P2C5 was determined as the
minimum antibody concentration at which complete
inhibition of the cytopathic effect was observed. All
experiments were performed with three replicates.

In vivo protection studies in mice. Hemizygous
angiotensin-converting enzyme 2 (ACE2)-transgenic
mice (Tg (K18-ACE) 2Prlmn) 10-12 weeks old were used
to evaluate the protective capacity of P2C5-Fc antibod-
ies in an in vivo model of SARS-CoV-2 infection. Mice
were kept in individually ventilated cages (ISOcage P
System from Tecniplast) and had free access to food
and water. Procedures with animals were conduct-
ed in a biosafety level 3 (BSL3) laboratory. All animal
experiments were carried out in strict accordance
with the recommendations of the Russian Federation
(GOST R 53434-2009; Principles of Good Laboratory
Practice).

The mice were randomly divided into groups of
5-8 animals each. Infection of animals was performed
via intranasal administration of 1x10° TCIDs, of SARS-
CoV-2 virus. In the first experiment, two groups of mice
(5 animals per group) were intraperitoneally injected
with 5 mg/kg of P2C5-Fc 1 and 6 hours after infection
by B.1.1.1 virus variant. The control group (n =5) was
treated with PBS. Animals were monitored for survival
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rate and weight change for 20 days post infection. Mice
with 20% body weight loss were humanely euthanized.
In the following experiment, to assess the protective
capacity of P2C5-Fc antibodies against Delta (B.1.617.2)
SARS-CoV-2 variant, a group of mice (n =5) was admin-
istered intraperitoneally with 5 mg/kg of P2C5-Fc 1 h af-
ter B.1.617.2 challenge. Control animals were injected
with PBS. All procedures in this study were performed
as described above.

Inoculation with SARS-CoV-2 of Omicron B.1.1.529
variant was not lethal in hACE2 mice. To evaluate
the therapeutic efficacy of P2C5-Fc against Omicron
B.1.1.529, mice (n = 8) were injected intraperitoneally
with 10 mg/kg of P2C5-Fc 1 h after infection. A control
group of 8 animals received PBS. Viral titer (TCIDso)
was measured in lung tissue 4 days after infection.
Lung homogenates were prepared using an MPBio
homogenizer. Serial ten-fold dilutions of homogenates
were titrated in a monolayer of Vero E6 cells to deter-
mine the titer of the infectious virus. The cytopathic
effect of the virus was assessed visually after 96 h.
TCIDso was calculated by the Reed and Muench meth-
od. Titers below the limit of detection were taken
as 1.5 10g1o TCIDso/ml.

Preparation and crystallization of the RBD-P2C5
VHH complex. The detailed procedure of the prepara-
tion of the RBD-P2C5 VHH complex was described ear-
lier [20]. Briefly, the purified proteins were pre-mixed
at different ratios and analyzed by size-exclusion chro-
matography on a Superdex 200 Increase 5/150 column
(Cytiva) to empirically determine the ratio correspond-
ing to a slight excess of the nanobody. Then, milligram
quantities of the proteins were mixed at this chosen
volume ratio, incubated, and the heterodimeric com-
plex was separated from the nanobody excess using
Superdex 200 Increase 10/300 column (Cytiva). For RBD
deglycosylation, the sample loaded on preparative SEC
was first treated with PNGase F for 2 h at room tem-
perature and then overnight in the fridge. The complex
fractions were pooled and concentrated before crys-
tal screening using Hampton Research crystallization
kits (USA) and an Oryx4 crystallization robot (Doug-
las Instruments, UK). The best crystals of RBDs19.541/
P2C5-VHH and enzymatically deglycosylated RBD333.541/
P2C5-VHH complexes were obtained at the following
conditions: 0.2 M Ammonium sulfate, 0.1 M Bis-Tris
pH 6.5, 25% PEG 3350 and 0.15 M DL-Malic acid pH 7.0,
0.1 M Imidazole pH 7.0, 22% v/v Polyethylene glycol
monomethyl ether 550, respectively. 20% ethylene gly-
col was used as a cryoprotectant.

Crystal structure determination. The structure
of the N-terminally truncated and PNGase F-treated
RBD (residues 333-541) complexed with P2C5 VHH
was solved by molecular replacement using MolRep
[21] and RBD (PDB ID 7A91) as a search model, which
initially resulted in four RBD copies correctly found
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and several misplaced copies requiring manual de-
letion based on the electron density maps revealed.
Further molecular replacement using the partial solu-
tion composed of four RBD copies allowed to find
eight copies of the nanobody modeled by AlphaFold2
[22] based on the amino acid sequence of P2C5 VHH.
Of these eight, only one copy of the nanobody was
placed close to an RBD and matched the density. This
tentative heterodimeric complex was used as a new
search model for molecular replacement procedure in
MolRep [21], which allowed us to find four copies of
the heterodimeric complex between RBD and the na-
nobody. This partial solution revealed a strong differ-
ence density suggesting the correctness of the partial
solution and the presence of more protein molecules
in the asymmetric unit. To find those, the heterodimer
was again used as a search model in MolRep while
using the previously found partial solution composed
of the four copies of the complex. Finally, this result-
ed in placing 5 heterodimeric complexes in the asym-
metric unit, enabling the refinement of the complete
structure, which was done iteratively using Refmac5
[23] and model building in Coot [24]. The refinement
involved backbone H-bond restraints, NCS restraints
and use of TLS. At final steps of refinement, the use
of the ProSMART option in the Refmac5 and reference
structures of RBD (PDB ID 7FAT [25]) and nanobody
(PDB ID 3STB [26]) helped improve geometry and the
R-factors. The refined model of the heterodimeric com-
plex between RBDs33541 and P2C5-VHH was used to
also solve the similar structure between P2C5-VHH and
untruncated RBDazig.541 not treated with PNGase F for
deglycosylation.
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RESULTS AND DISCUSSION

A single-domain camelid antibody P2C5 with po-
tent neutralizing activity against a range of SARS-CoV-2
virus variants has previously been identified [15].
The capacity of P2C5-VHH to recognize the S protein of
different SARS-CoV-2 variants was evaluated by ELISA
(Fig. 1a). We found that P2C5 exhibited strong binding
activity toward the S protein of Wuhan, Gamma, and
Omicron B.1.1.529 variants. However, binding to the
S protein of Delta and XBB.1 decreased, likely due to
the mutations affecting the epitope region. Interest-
ingly, fusing P2C5 with Fc resulted in nearly 10 times
more efficient RBD recognition (Fig. 1b).

The ability of P2C5 to neutralize live SARS-CoV-2
virus was investigated by microneutralization assay.
The virus was mixed with antibodies and then add-
ed to Vero E6 cells. The absence of cytopathic effect
in the presence of P2C5 was the key evidence of the
antibody’s neutralization activity. A combination of
current data on virus neutralization by the P2C5 anti-
body with the previously published data [15] is found
in Table 1. We observed that P2C5 completely inhibit-
ed the cytopathic effect of SARS-CoV-2 Wuhan D614G
(B.1.1.1), Gamma (B.1.1.28/P.1), and Omicron B.1.1.529
variants at concentrations of 24-48 nM. The inhibition
of the cytopathic effect of SARS-CoV-2 Delta (B.1.617.2)
and Omicron XBB.1.17.2 variants was not observed
over a wide range of P2C5 concentrations (to 1500 nM).
The in vitro neutralization activity data are consistent
with binding ability data obtained by ELISA.

The protective capacity of P2C5 against SARS-
CoV-2 infection in vivo was assessed using hACE2
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Fig. 1. Recognition of S protein of SARS-CoV-2 variants by P2C5 single-domain antibody (a) or P2C5-Fc (b). The binding of P2C5
to immobilized antigens (RBD of S protein for Wuhan, Gamma, Delta, and Omicron XBB.1 variants and S1 subdomain of S pro-
tein for Omicron B.1.1.529 variant) was detected by ELISA. P2C5 bound S protein of Wuhan, Gamma, and Omicron B.1.1.529
variants with half-maximal concentration (EC50) 1.7, 7.6, 2.9 nM, respectively.
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Table 1. Neutralizing activity of P2C5 antibody against live SARS-CoV-2 variants

SARS-CoV-2 virus variant

Gamma * Omicron Omicron
B1.11 (B.1.1.28/p1)* | Delta (B1.617.2) B.1.1.529* XBB.1.17.2
Minimum inhibitory
concentration 24.04 48.08 >1500 24.04 >1500
of P2C5 VHH, nM

* Previously published data from [15].

transgenic mice. For these studies, P2C5 was fused to
the human IgG1 Fc-fragment for half-life prolonga-
tion. The P2C5-Fc protein was produced in CHO-S cells
and purified. We assessed P2C5-Fc therapeutic efficacy
against infection caused by three different SARS-CoV-2
variants: Wuhan D614G (B.1.1.1), Delta, and Omicron
B.1.1.529.

First, we evaluated the protective effect of P2C5-Fc
after B.1.1.1 (Wuhan D614G) and B.1.617.2 (Delta) le-
thal challenge. Mice were infected intranasally with
1 x 105 TCIDso of SARS-CoV-2 and 1h or 6 h later re-
ceived 5 mg/kg P2C5-Fc antibodies intraperitoneally.
As shown in Fig. 2a, all mice treated with P2C5-Fc sur-
vived after B.1.1.1 infection (p = 0.0004, log-rank test),
furthermore, no weight loss was observed. After infec-
tion with the Delta variant of the virus, surprisingly,
40% of antibody-treated animals survived (data not
significant, p = 0.33, log-rank test), despite the fact that
single-domain P2C5 antibody did not recognize the S
protein of this variant in ELISA (Fig. 2b). A probable
explanation for the revealed potential protection is the
capacity of the dimeric Fc-fused form of P2C5 to weak-
ly bind the S protein of Delta (Fig. 1b).

The SARS-CoV-2 Omicron B.1.1.529 variant con-
tains a large number of mutations resulting in non-le-
thal virulence in hACE2 mice. As all control group
mice (treated with PBS after infection) survived and
showed no marked weight loss, we assessed the virus
load in the lungs of the animals on day 4 after infec-
tion (Fig. 2c). Administration of P2C5-Fc 1 h after chal-
lenge resulted in a significant reduction of SARS-CoV-2
titer in the lungs (p = 0.007, Mann-Whitney test), and
the virus content in the antibody-treated group was
below the limit of detection (<1.5 logip TCIDso/ml). This
result highlights the efficacy of P2C5-Fc treatment
in vivo also against the Omicron B.1.1.529 variant of
the SARS-CoV-2 virus.

The differential activity of P2C5 on SARS-CoV-2
variants clearly required mechanistic explanation.
To this end, we aimed at crystal structure determina-
tion of the RBD:P2C5 complex and subjected the pu-
rified complex to extensive crystallization screening
[20]. Although this complex readily crystallized un-
der various conditions, it proved difficult to find dif-

fracting crystals and therefore we attempted different
sample modifications. In particular, we subjected to
crystallization untreated RBD or RBD deglycosylated
by recombinant PNGase F [20], in the hope that degly-
cosylation would reduce the heterogeneity associated
with RBD. In addition, RBD was truncated from the
N-terminus until residue 333 so that several upstream
glycosylated residues were omitted. Wide screening of
many crystals using synchrotron X-ray radiation was
crucial to finding diffracting crystals for both unmod-
ified RBDs319.541:P2C5 and enzymatically deglycosylat-
ed RBDs333.541:P2C5 complexes (Table 2). Given that the
diffraction quality of the two crystals was comparable
(3.1 or 3.7 A), we could finally suggest that deglycosyla-
tion on its own was dispensable for obtaining crystals
of sufficient quality, which disproved our initial con-
siderations.

The crystal structure was first solved for the min-
imally glycosylated RBDs333.541:P2C5 complex, and the
solution was then used to also determine the struc-
ture of the RBD319.541:P2C5 complex, which turned to
be nearly identical in terms of the relative positions of
RBD and P2C5 within the heterodimer [Ca RMSD (root-
mean-square deviation of atomic positions) did not
exceed 0.5 A]. Therefore, for further analysis we chose
the RBD319.541:P2C5 structure as having the higher res-
olution (Fig. 3a), which was sufficient to confidently
trace most of the core RBD and P2C5 residues into the
electron density maps (Fig. 3b).

The asymmetric unit of the crystal contained five
copies of the RBDs319.541:P2C5 heterodimer totaling 1575
residues (Fig. 3a), and these copies were nearly iden-
tical (Ca RMSD did not exceed 0.5 &) (Fig. 3c). Inter-
estingly, the final refined crystal structure of the het-
erodimer was notably different from the closest model
of the complex predicted by AlphaFold2 (at the end of
April 2024), providing Ca RMSD of only 4.6 A upon su-
perposition of 311 atoms of the complex. Fig. 3d shows
the overlay of these two structures aligned by RBD.
It is clear that, while AlphaFold2 rather accurately pre-
dicted the RBD structure (Ca RMSD between the crystal
structure and the model did not exceed 0.5 A), the mod-
el of its complex with the nanobody was inadequate.
Intriguingly, the very recently released AlphaFold3
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Fig. 2. Therapeutic efficacy of P2C5-Fc against SARS-CoV-2 infection in hACE mice. a-b) Survival rates and mean body weights of
mice (n = 5 per group) that were systemically treated (i.p.) with P2C5-Fc 1 h or 6 h after intranasal inoculation of 1 x 10° TCIDso
of Wuhan D614G (B.1.1.1) or Delta (B.1.617.2) SARS-CoV-2 variants. The control group was treated with PBS 1 h post infec-
tion. ¢) Lung viral titer on day 4 post infection with Omicron B.1.1.529 (1 x 10° TCIDso intranasally) in mice injected (i.p.)
with 10 mg/kg P2C5-Fc or vehicle (PBS) 1 h after challenge (n = 8 mice per group). Viral titers in the P2C5-Fc group were below
the limit of detection of the assay and are shown as 1.5 log1o TCIDso/ml. ** p = 0.007.

neural network, upgraded for predicting complexes ture and the AlphaFold2 model (Fig. 3d). These rather
[27], predicted a completely different P2C5 epitope on  poor predictions by superior in silico algorithms sup-
the opposite side of RBD with respect to the X-ray struc- port the notion that experimental structural biology
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Table 2. X-ray data collection and processing

Crystallization condition

RBD333.541 complexed
with P2C5 nanobody*

RBD319.541 complexed
with P2C5 nanobody

0.15 M DL-Malic acid pH 7.0,

0.1 M Imidazole pH 7.0,
22% PEG MME 550

0.2 M (NH4)2S04, 0.1 M Bis-Tris,

pH 6.5, 25% PEG 3350

Data collection

Diffraction source
Detector
Wavelength (A)
Temperature (K)

Space group

BL17UM, SSRF
Eiger2 X 16M
0.98
100

1212121

BL17UM, SSRF
Eiger2 X 16M
0.98
100

P212121

a, b, c Q) 126.64, 194.24, 264.37 72.48, 177.46, 209.86
Resolution range (A) 80.00-3.70 (3.80-3.70)** 48.42-3.10 (3.20-3.10)
Completeness (%) 99.1 (99.6) 98.9 (98.6)
Redundancy 5.0 5.2
{I/o(D)) 6.6 (0.6) 8.0 (1.5)
Rmeas (%) 22.8 (316.2) 19.6 (149.5)
CC12 (%) 99.6 (32.1) 99.3 (45.0)
Refinement
Reryst (%) 20.7 22.2
Riree (%) 26.9 28.3
ML position error, A 0.57 0.41
No. of non-H atoms
Protein 12,286 12,255
Other 112 220
Water 0 0
R.m.s. deviations
Bonds (A) 0.02 0.02
Angles (°) 3.34 3.01
Ramachandran outliers (%) 34 3.7
Average B factors (A2)
Protein 195.6 86.4
Other 228.0 145.0
Water - -
PDB code 8ZES 8ZER

* Treated with PNGase F for RBD deglycosylation.
** Values for the outer shell are given in parentheses.
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Fig. 3. Structural basis for the virus-neutralizing activity of the P2C5 nanobody. a) Overall view of the asymmetric unit (ASU)
of the RBD:P2C5 crystal showing five heterodimers and glycans linked to residue Asn343 of RBD. b) Exemplary fragments of
the electron density map contoured at 1.20, interpreted with the final refined protein model shown as sticks. ¢) Structural
superposition of the five heterodimer complexes found in the ASU. Complementarity-determining region (CDR) loops 1-3 are
highlighted. d) Superposition of the final refined crystal structure of the complex and its best models predicted by AlphaFold2
(black cartoon) or AlphaFold3 (red cartoon) showing inadequacy of the in silico models. Ca RMSD of the alignment over the full
complex was equal to as large as 4.6 A for the AlphaFold2 model, whereas AlphaFold3 predicted a completely different P2C5
epitope. e) Overlay of the RBD:P2C5 crystal structure with the ACE2:Spike complex structure determined by cryoelectron mi-
croscopy (PDB ID 8WT]J [17]) explaining the neutralization activity of P2C5 nanobody via steric interference with the RBD:ACE2
interaction. One Spike monomer is colored by gradient from N (blue) to C (red) terminus. Red and magenta spheres indicate
the location of the L452R and F490S mutations, respectively.

BIOCHEMISTRY (Moscow) Vol. 89 No. 7 2024



1268

approaches are indispensable for studying antibody
complexes in particular.

In the crystallographic heterodimer, the comple-
mentarity-determining regions (CDRs) CDR3 (residues
96-110) and CDR2 (residues 50-57) of P2C5 nanobody

SLUCHANKO et al.

contributed to the RBD recognition the most, whereas
CDR1 (residues 26-33) did not partake in the interac-
tion directly (Fig. 3c). The relative position and orien-
tation of RBD and P2C5 in the crystallographic het-
erodimer has allowed us to analyze the corresponding

ol Glud71
Gly482 %, J. ] Tle468
' -5 Thr470
5 WAl =

R

Phed90, ‘/\ Ala352
( )
e JR D
e e A Tyr351
\/ A
-y =k .,‘ Leud52
o
T Tyra49
b C

SARS-CoV-2 RBD mutations

‘Wuhan Genbank accession number MN908947,
residues 319-541

Gamma K417T, E484K, N501Y

Delta BE52R, T478K

Omicron G339D, S371L, S373P, S375F, K417N,

B.1.1.529 N440K, G446S, S477N, T478K, E484A

Q493R, G496S, Q498R, N501Y, Y505H

Omicron XBB.1

G339H, R346T, L368I, S371F, S373P,
S375F, T376A, D405SN, R408S, K417N,
N440K, V445P, G446S, N460K, S477N,
T478K, E484A, F486S, 908, Q49SR,
N501Y, Y505H

Fig. 4. Structural basis for evasion of the Delta and Omicron XBB.1 variants of SARS-CoV-2 from the action of the neutralizing

Arg357

g\'r"?’

L

P2C5 nanobody. a) Crystallographic RBD:P2C5 heterodimer showing the location of key interface contacts. Polar contacts are
indicated by dashed lines, key mutated residues are marked by bold font. b) S protein RBD sequence and nonsynonymous mu-
tations in RBD of SARS-CoV-2 variants. Note that RBD of Omicron B.1.1.529 has coinciding mutations as RBD of Omicron BA.1.
Key mutations described in the manuscript are highlighted. c) Closeup view of the modeled interface between P2C5 (cyan)
and hypothetical RBD containing simultaneous substitutions L452R (Delta) and F490S (Omicron XBB.1).
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interface in context of the recently published cryo-EM
structure [17] of the XBB Spike protein complexed with
the ACE2 receptor (Fig. 3e). This comparison indicated
that P2C5 recognizes an epitope on the outer surface of
the RBD in a conformation which causes appreciable
steric clashes with the RBD-bound ACE2, at least partly
explaining the mechanism of neutralization. Interest-
ingly, the P2C5 epitope is located on the other side of
the RBD surface compared with the location of Leu455
and Phe456 residues, and therefore the activity of this
antibody is not expected to be affected by the recently
described, adjacent residue-flipping mutations L455F
and F456L, which synergistically knock out many an-
tibodies [6, 17].

Furthermore, the developed interface between
P2C5 and RBD covering ~940 A2 area, as calculated
using PISA [28], revealed many polar and hydropho-
bic contacts apparently stabilizing the interaction. For
example, Arg357 and Glu471 of the RBD formed salt
bridges with Glu104 and Arg52 of P2C5, respectively,
Tyr449 of the RBD formed m—cation interaction with
the side chain of Arg45 of P2C5, and also a range of
intersubunit H-bonds were observed (Fig. 4a). Inter-
estingly, the interface featured a hydrophobic core
involving clustered aromatic residues from both RBD
(e.g., Phe490, Tyr351) and P2C5 (e.g., Tyr37, Phe47,
Trpl111, Trp98) and also a few aliphatic hydropho-
bic residues among which Leu452 of RBD is the most
prominent. Intriguingly, this residue is known to be-
come mutated in the Delta variant (Fig. 4b) and there-
fore its location in the center of the interface with
P2C5 nanobody suggested immediate consequences of
the Leu452 mutation on the stability of the complex.
Indeed, while the second Delta mutation, T478K, is lo-
cated on the outer surface of RBD and cannot direct-
ly affect the interaction with P2C5, L452R is the mu-
tation which presumably leads to the placement of
the bulky, positively charged Arg side chain opposite
to the long positively charged side chain of Lys96 of
P2C5, unavoidably causing electrostatic repulsion and
severe steric clashes especially given that the side
chain of Lys96 is firmly sandwiched between the side
chains of Trp98 and Trp111 of P2C5 (Fig. 4c). This ob-
viously unfavorable configuration nicely explains the
evasion of the Delta variant from the action of P2C5
nanobody.

We also noticed that two heavily mutated Omicron
variants, B.1.1.529 and XBB.1 (Fig. 4b), among which
only the former is efficiently recognized by P2C5 na-
nobody, share the E484A mutation located in the
RBD:P2C5 interface (Fig. 4a). While Glu484 could be in-
volved in making a polar contact with the side chain of
Thr60 of P2C5, its substitution with Ala can break this
polar contact and potentially destabilize the RBD:P2C5
binding. Nevertheless, this effect seems to be rather
weak on its own, since this sole interfacial mutation in
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Omicron B.1.1.529 cannot prevent P2C5 from efficient-
ly recognizing the corresponding RBD (Table 1). In this
respect, P2C5 surpasses a recently described neutral-
izing nanobody 2S-1-19 in that the latter had lost the
ability to recognize Omicron BA.1 (the same mutations
as in B.1.1.529) [19]. Mutation of this Glu484 to lysine
in Gamma RBD apparently is dispensable for the P2C5
binding as well, especially since the charge reversal
at the 484 position in Gamma RBD (E484K) can make
an additional, weak salt bridge with Glu46 of P2C5
(Fig. 4b). By exclusion, this indicates that the key role
in destabilizing the RBD:P2C5 interaction in the case
of Omicron XBB.1 RBD is played by the F490S muta-
tion (Fig. 4, a-c). Indeed, as mentioned, Phe490 is lo-
cated right in the hydrophobic cluster stabilizing the
RBD:P2C5 interface and its side chain is stacked with
the opposite Phe47 side chain of P2C5, whereas the
removal of the aromatic Phe490 functionality would
clearly compromise the cluster stability, especially ac-
companied by the introduction of the short polar side
chain of a serine (Fig. 4c). Most delightfully, the role
of other, numerous mutations found in the Omicron
XBB.1 variant RBD can be neglected since all those
are located beyond the region directly involved in the
formation of the RBD:P2C5 interface, which fortunate-
ly excludes the necessity of conducting sophisticated
combinatorial biochemical assays for assignment of
the contribution of these mutations.

To sum up, our structural data explain the likely
mechanism of the neutralization activity of the P2C5
nanobody on most of the earlier SARS-CoV-2 variants
circulating before the emergence of Delta. Further-
more, the crystal structure obtained has allowed us to
narrow the extended list of more recently emerged mu-
tations, for example, found in the Delta and Omicron
XBB.1 variants, potentially affecting the neutralization
activity of P2C5, down to just two mutations, L452R
and F490S, which rationalize the evasion of the Delta
and Omicron XBB.1 variants of RBD from the action
of P2C5. Interestingly, these mutations interfere with
the RBD recognition by other nanobodies including the
recently reported 2S-1-19 nanobody [19], despite the
appreciably different footprints on RBD of this nano-
body and P2C5 (Fig. 5). Last but not least, we expect
that the crystal structure obtained can support P2C5
reengineering aimed at compensation for the effects
of the new RBD mutations [7] and also can facilitate
mapping of epitopes of other neutralizing antibod-
ies against RBD in competition assays, even without
requiring determination of new structures.
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tests, N.N.S. prepared and purified complexes for
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SARS-CoV-2 RBD

SARS-CoV-2 RBD

Fig. 5. Comparison of the RBD binding modes for nanobodies P2C5 (this work) and 2S-1-19 (PDB ID 8H91 [19]). The two crystal
structures were superimposed by aligning RBD so that the different orientation and binding footprints are seen. The two projec-
tions are presented. Location of the residues Leu452 and Phe490 mutated in Delta and Omicron XBB variants are indicated. The
residues Leu455-Phe456, mutated in newest SARS-CoV-2 variants to Phe455-Leu456 and thereby knocking out many antibodies
[6], are shown by blue spheres representing their Ca atoms. Of note, P2C5 antibody binds from the other side of RBD and should

not be sensitive to these mutations.
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