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Abstract: SARS-CoV-2 attaches to its host receptor, angioten-
sin-converting enzyme 2 (ACE2), via the receptor-binding
domain (RBD) of the spike protein. The RBD glycoprotein is
a critical target for the development of neutralizing antibodies
and vaccines against SARS-CoV-2. However, the high hetero-
geneity of RBD glycoforms may lead to an incomplete
neutralization effect and impact the immunogenic integrity of
RBD-based vaccines. Investigating the role of different carbo-
hydrate domains is of paramount importance. Unfortunately,
there is no viable method for preparing RBD glycoproteins
with structurally defined glycans. Herein we describe a highly
efficient and scalable strategy for the preparation of six
glycosylated RBDs bearing defined structure glycoforms at
1323, N331, and N343. A combination of modern oligosac-
charide, peptide synthesis and recombinant protein engineering
provides a robust route to decipher carbohydrate structure-
function relationships.

Introduction

The coronavirus SARS-CoV-2 pandemic has now infected
more than 89 million people and caused over 1.9 million
deaths around the world since December 2019. SARS-CoV-2,
the key culprit pathogen of COVID-19" that is similar to
SARS-CoV-1, features the virus surface spike (S) glycopro-
tein which attaches the virus to the host cell receptor
angiotensin-converting enzyme 2 (ACE2) via its receptor-
binding domain (RBD).?! Given its key role in virus-host cell
entry, the S protein and its RBD are primary targets for
therapeutics and vaccine design (Figure 1B). In clinical
settings, anti-RBD antibodies and vaccines based on the
RBD as antigen have been recently employed against

COVID-19.F" The S protein of SARS-CoV-2 is heavily
glycosylated, containing 22 N-linked glycosylation sites and
several possible O-linked glycosylation sites (Figure 1A).M
The highly heterogeneous glycoforms of the S protein play
important roles not only in modulating protein conformation
and stability, but also in promoting immune evasion by
shielding immunogenic epitopes from neutralizing antibodies,
thereby impacting vaccine-induced immune responses.” In
line with the extensively glycosylated S protein, the RBD of
the SARS-CoV-2 S protein contains two highly variable N-
linked glycans (N331, N343) and two possible low-abundance
O-linked glycans (T323, ca. 11%; S325, 4%, Figure 1B).[
Notably, Watanabe and co-workers reported that 331 and 343
sites are dominated by complex-type N-glycans decorated
with significantly high levels of fucosylation.*!! It is known
that two glycosylation sites N331 and N343 are critical for
viral infectivity. Removing N-glycosylation at N331 and N343
has been shown to decrease viral infectivity dramatically,
highlighting the importance of glycans for the function of viral
proteins.”! Importantly, interactions between N-glycans of
RBD with different human lectins were recently reported by
Erefio-Orbea and co-workers.”” Considering different phar-
macodynamics and biological properties triggered by the
microheterogeneity of various glycoforms, comprehending
the precise correlations between glycan structures of each
glycosylation site on the RBD and the structure related
glycan functions is in high demand.

However, current gene expression systems lead to highly
complex and heterogeneous RBD glycoforms, ranging from
high-mannose variants to complex structures that are insep-
arable. To our knowledge, there are no studies of isolated or
synthetic RBDs bearing homogeneous glycans for structure—
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Figure 1. An overview of the SARS-CoV-2 Spike protein and its RBD. A) Representation of the glycosylated SARS-CoV-2 Spike protein structure.
NTD, N-terminal domain; RBD, receptor binding domain; FP, fusion peptide; HR1, heptad repeat 1; HR2, heptad repeat 2. B) A structural model
of glycosylated SARS-CoV-2 RBD, the colored red sites for T323, N331, and N343 glycosylation (PDB code: 6WPS). C) Homogeneous sequence of
SARS-CoV-2 Spike RBD bearing two N-linked glycans (N331 and N343) and one O-linked glycan (T323) at the glycosylation sites, respectively

(GenBank Accession: MN908947).
homogeneous glycosylated RBD.

activity studies. Furthermore, beyond the well-defined nature,
a defined glycosyl structure can be used as an epitope mimic
and offers a route for rational immunogen design.”®! For these
reasons, we are interested in investigating the profiles of RBD
glycans. We believe that chemical synthesis can offer homo-
geneous, complex RBD molecules for a detailed investigation
of the specific roles of RBD glycoforms. In this context, we
prepared RBDs containing homogeneous N-linked glycans at
N331 and N343. In addition, considering the impact of O-
glycan, an O-glycan at T323 was incorporated to explore its
function. Despite recent rapid progress in oligosaccharide!”!
and protein synthesis,'""! the size, physical properties, high
structural diversity and complexity of RBD glycoproteins
represent a significant synthetic challenge.!'"!

Structurally, the RBD (R319-K537) consists of a 5-
stranded antiparallel (-sheet and four disulfide linkages,
Cys336-Cys361, Cys379-Cys432, Cys391-Cys525, and Cys480-
Cys488, which are formed to stabilize the core structure
(Figure 1C). No chemical synthesis route has been reported
for homogenous RBD preparation. Herein we report an
efficient semi-synthesis and structure-activity relationship
(SAR) study of glycosylated RBDs (1-6) containing homo-
geneous N-linked glycans at N331, N343, and O-linked glycan
at T323 (Figure 1 D). Evaluation of the Cys and glycosylation
positions in the RBD structure suggests that expressed
protein ligation (EPL)!' is an ideal strategy for the con-
struction of glycosylated RBDs. Given the position of glycans
and Cys residues, the retrosynthesis of the RBD was divided
into two fragments: a synthetic glycopeptide RBD (319-360)
fragment I with N/O-glycans, which was functionalized with
a C-terminal hydrazide; and a recombinant RBD fragment II
(361-537) possessing an N-terminal Cys residue facilitating
native chemical ligation (NCL)™! (Figure 1E). With these
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D) Target RBDs (1-6) bearing homogeneous glycan at T323, N331 and N343. E) Retrosynthetic analysis of the

two fragments in hand, the subsequent manipulation by EPL
and refolding process provides the efficient synthesis of
homogeneous glycosylated RBDs. In addition, to elucidate
the functions of individual defined oligosaccharide structures,
the glycopeptide domain (319-360) was further divided into
two parts (R319-L335 III and C336-N360 IV) according to the
position of glycans, with the presence of C336 acting as
a handle for NCL. These preliminary results of structure—
activity relationship (SAR) elucidate the structure—activity
relationship between glycosylation and the viral infectivity.
Furthermore, considering the highly conserved sequence of
SARS-CoV-1/2 S protein RBD, we envision that this strategy
will also serve as a versatile synthetic platform for homoge-
neous glycosylated RBDs of the SARS-CoV-1/2 S protein and
other virus proteins.

Results and Discussion

Our synthesis started from the preparation of RBD
fragment IT (C361-K537), an expressed protein bearing an
N-terminal Cys that is indispensable for subsequent native
chemical ligation. This protein was expressed smoothly in
Escherichia coli, and the initial methionine was efficiently
cleaved simultaneously by endogenous methionine amino-
peptidase. Next, protein fragments from inclusion bodies
were solubilized in 6 M guanidine hydrochloride (GND-HCI)
and purified via reverse phase HPLC followed by lyophiliza-
tion. The desired product II was obtained as an amorphous
white powder with a good yield of 30 mgL™' (see the
Supporting Information, page 5 for details). Analysis by
HPLC, HRMS and SDS-polyacrylamide gel electrophoresis
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Figure 2. Preparation of RBD fragments Il, Ill, and IV. A) Characterization of recombinant fragment Il (C361-K537) using HPLC and HRMS.

B) Chemical structure of glycosyl amines (7-9) and Thr glycosyl amino acids 10 used in the synthesis of glycopeptides. Monosaccharide 7,
pentasaccharide 8 and nonasaccharide 9. C) Preparation RBD fragments 11l (13-16) and IV (19 and 20). Reaction conditions. a) Boc,0, NaHCO;,
THF; b) Pd(PPh;),, PhSiH;, DCM (77 % for 12, 68 % for 18, over two steps); c) glycosyl amine, HATU, DIPEA, DMSO; d) Cocktail B (65 % for 13,
61% for 14, 60% for 15, 67 % for 19, 56 % for 20 over two steps). Amino acids containing acid-labile protecting groups are shown in bold,
pseudoproline dipeptides are shown in blue (underlined). Protecting groups are: R(Pbf), Q(Trt), E(tBu), S(tBu), N(Trt), Y (tBu), W(Boc), K(Boc),
Y (tBu). Boc,O, HATU, O-(7-azabenzotriazol-1-yl)-N,N,N’,N’"-tetramethyluronium hexafluorophosphate. DIPEA, diisopropylethylamine. DMSO,
dimethylsulfoxide. TFA, trifluoroacetic acid. Pbf, 2,2,4,6,7-pentamethyldlhy drobenzofuran-5-sulfonyl group.

(SDS-PAGE) confirmed the purity of the desired fragment IT
(Figure 2 A and Figure 3F).

Regarding the oligosaccharide structure, we sought to
install different glycoforms at N331 and N343, which could be
used to probe the influence of N-linked glycans. In this event,
we initially used less complex GlcNAc unit for N331 and N343
sites to explore the synthetic route. In a more complex setting,
considering the major complex-type N-glycans at N331 and
N343 sites, we elected to employ the complex-type non-
asaccharide as N-glycan due to its accessibility."">! Further-
more, it was reported that the N331 was composed of both
complex and core type glycans.'¥ Therefore, the core
pentasaccharide was utilized for N331 glycosylation. Thus,
glycosyl amines 7 (GIcNAc), 8 (Man3GIcNACc2 pentasacchar-
ide) and 9 (complex type, nonasaccharide) were prepared for
aspartylation according to known methods (Figure 2B, see
the Supporting Information, page 7 for details).!""*!

The syntheses of these glycosylated peptides started from
the preparation of the fully protected peptide 11, which was
produced by Fmoc solid-phase peptide synthesis (SPPS) and
Liu peptide hydrazide protocol.l'” A pseudoproline group at
the 1332-T333 was used to suppress the possible aspartimide
formation during Lansbury aspartylation (Figure 2C).[>>!7]
Then, hydrazide 11 was protected with a Boc group in the
presence of Boc,O, followed by selective palladium-mediated
deallylation of D331, leading to peptide acid 12 smoothly at
77 % yield over two steps. The employment of Boc-hydrazide
was intended to avoid undesired amide bond formation
between the free carboxylic acid 12 and glycosyl amine 7
during aspartylation. Next, HATU-assisted coupling of the
carboxylic acid at D331 with glycosyl amine (7-9) under one-
flask aspartylation/deprotection conditions, followed by

© 2021 Wiley-VCH GmbH

Cocktail B (TFA/H,O/i-Pr;SiH/phenol, 88:5:2:5, v/v/vIv)
deprotection and HPLC, generated three glycopeptides
including 13 (GIcNAc), 14 (Man3GIcNAc2) and 15 (non-
asaccharide) in good yields. Next, we induced GalNAc at
T323 to probe the influence of O-linked glycan. It has been
reported that the structure of the Tn-Thr antigen is important
for molecular recognition due to its effect on peptide
conformation.®™ An acetylated O-linked Thr glycosyl amino
acid 10 was prepared following previous protocols and
employed directly in Fmoc-SPPS."¥ After one-flask asparty-
lation and subsequent deacetylation of O-glycan using 10 %
aqueous hydrazine, followed by single reversed-phase HPLC
purification, the desired glycopeptide 16 was isolated at 52 %
yield over three steps. Thus, four glycopeptides III (fragments
R319-1.335, 13-16) were efficiently synthesized.

For the preparation of C336-N360 fragment IV, a similar
protocol was applied to prepare desired glycopeptides.
However, the preparation of peptide hydrazide-bearing C-
terminal Asn was a challenge due to the cyclized imide
formation between the hydrazide and side-chain amide of
Asn during the TFA deprotection procedure.' In this event,
the SPPS synthesis produced fully protected peptide hydra-
zide 17 at 45 % isolated yield after cleavage from the resin
(see SI for details). A pseudoproline dipeptide at A344-T345
was readily incorporated to prevent the problematic asparti-
mide formation, the N-terminal Cys was protected by an StBu
group (Figure 2C). After C-terminal protection of the
peptide hydrazide 17 with a Boc group and palladium-assisted
deallylation of D343, the peptide 18 with free aspartic acid
was obtained successfully at 68% yield over two steps.
Following the one-flask aspartylation/deprotection protocol,
the resulting carboxylic acid was coupled with glycosyl amine

Angew. Chem. Int. Ed. 2021, 6o, 12904 —12910
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Figure 3. Preparation and characterization of glycosylated RBDs bearing various homogeneous glycoforms. A) Ligation and refolding protocol for
glycosylated RBD 1. Reaction conditions: a) peptide hydrazide activation, 6 M GND-HCI, 0.2 M Na,HPO,, 0.1 M MPAA, 1.1 equiv acetylacetone
(acac), pH 7.2, 37°C, 4 h. NCL'*: 6 M GND-HCI, 200 mM Na,HPO,, 50 mM TCEP, 100 mM MPAA, pH 6.8, 25°C, 2 h. NCL": 6 M GND-HCl,
200 mM Na,HPO,, 50 mM TCEP, 100 mM MPAA, pH 6.8, 25°C, 2 h. Refolding protocol: Buffer A, 50 mM Tris-HCI, 2 M GND-HCI, 400 mM Arg,
3 mM GSH, 0.9 mM GSSG, pH 8.0, 4°C, 36 h. Buffer B, 50 mM Tris-HCl, 1 M GND-HCI, 200 mM Arg, 3 mM GSH, 0.9 mM GSSG, pH 8.0, 4°C,
24 h. Buffer C, 50 mM Tris-HCl, 250 mM NacCl, 100 mM Arg, 3 mM GSH, 0.9 mM GSSG, pH 8.0, 4°C, 24 h. Buffer D, 50 mM Tris-HCl, 250 mM
NaCl, pH 8.0, 4°C, 12 h. B) HPLC analysis of ligation process and purified RBD 1. C) HRMS of RBD 1. D) HRMS of RBD (2-6). E) CD spectrum
of RBDs (1-6). F) SDS-PAGE of expressed peptide Il and RBDs (1-6). wt-RBD, wild-type RBD.

7 and 9, providing glycopeptides 19 (67 % yield over two
steps) and 20 (56% yield over two steps) after TFA
deprotection, respectively. It is worth noting that only trace
amounts of cyclized byproducts were observed after TFA
treatment (see the Supporting Information, page 23 for
details).'”) Importantly, the preparation of glycopeptide frag-
ments III and IV was readily scaled up, ultimately providing
over 10 mg of glycopeptides bearing various defined glyco-
forms.

With the prerequisite expressed peptide II and glycopep-
tides III and IV in hand, we proceeded to assemble these
peptide segments by NCL to create full sequence RBDs. As
an example, peptide hydrazide 13 was activated through the
acyl pyrazole activation method developed by Dawson and
co-workers,” furnishing thioester 21 at 87% yield after
HPLC (Figure 3A). Next, glycopeptide 19 and 21 were
ligated under NCL conditions (6 M GND-HCI, 0.1 M
Na,HPO,, 50 mM TCEP at pH 6.8) with 4-mercaptophenyl-
acetic acid (MPAA) as an additive over 2 h. The RBD (319~
360) intermediate 22 containing two N-glycans at N331, N 343
was obtained cleanly. Without purification, subsequent in situ
activation of peptide hydrazide 22 to peptide thioester yielded
23 at 61 % isolated yield over two steps. Despite the difficult
Asn-Cys junction, the final projected ligation between ex-

Angew. Chem. Int. Ed. 2021, 60, 12904 —12910
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pressed peptide II and glycopeptide 23 (containing a C-
terminal N360 thioester) was successfully accomplished in an
almost quantitative conversion, providing fully glycosylated
RBD 24 at 61 % isolated yield.

Refolding of the glycosylated RBD presents an arduous
challenge due to its structural complexity. It has been
reported that many proteins can only be correctly refolded
under specified conditions.”!! After extensive screening of
refolding buffer, additives, and dialysis time, we finally
refolded RBDs successfully via multistep dialysis (see the
Supporting Information, page 45 for details). Glycosylated
RBD 1(0.05 mgmL™") in a solution of 6 M GND-HCI, 10 mM
DTT was denatured at 37°C for 30 min, then DTT was
removed via dialysis against 6 M GND-HCI (pH 8.0, 4°C,
12 h). The RBD 24 was further dialyzed against refolding
buffers (A-D) successively and purified by HPLC, giving
RBD 1 at 59 % isolated yield. The HPLC shift represents the
successful protein refolding process (Figure 3B). High reso-
lution MS, SDS-PAGE, and circular dichroism (CD) spectra
further validated the structure of synthetic RBD 1 (Figure 3C,
E and F). Enzyme digestion suggests the correct disulfide
bonds (Cys336-Cys361, Cys379-Cys432, Cys391-Cys525, and
Cys480-Cys488, see the Supporting Information, page 46 for
details). Using the same ligation and refolding strategy, five
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Figure 4. Binding kinetics of RBDs to ACE2 and mAbs. A) Synthetic RBDs recognize ACE2 with similar affinity to wt-RBD. B) The binding profile
between RBDs and mAb S309. C) The binding profile between RBDs and mAb CB6. D) The binding profile between RBDs and mAb AS35
(ACROBiosystems, anti-SARS-CoV-2 spike RBD neutralizing antibody, Human 1gG1, cat. no. SAD-S35). wt-RBD: ACROBiosystems, Arg319-Lys537
with His Tag, cat. no. SPD-C52H1. ACE2: ACROBiosystems, cat. no. AC2-H5257.

RBD surrogates (2-6) bearing different homogeneous glyco-
forms at N331, N343, and T323 were synthesized in similar
yields, and their structures were confirmed by HRMS, CD
spectra and SDS-PAGE (Figure 3D, E, and F).

To assess the functions of synthetic RBDs, we next studied
the binding of our synthetic RBDs and wild-type RBD (wt-
RBD) with ACE2 by surface plasmon resonance (SPR,
Biacore). These SPR data indicated that all synthetic RBDs
maintained full functionality with wt-RBD (KD, 11.8 to
15.9 nM, Figure 4 A). However, in contrast to our postulation
that glycoforms of the RBD might influence ACE2 binding,
a direct comparison of their affinities demonstrated that the
glycosylation on the RBDs does not impact their binding. To
further explore the specific roles of different RBD glyco-
forms, we measured the binding affinities of these RBDs to
anti-SARS-CoV-2 RBD monoclonal antibodies (mAbs) by
SPR. Corti, Veesler and co-workers have reported that
antibody S309, which has been employed in clinic settings,
could target the SARS-CoV-2 RBD with significantly high
potency.’?) The highly conserved N343 glycan with core
fucose is one of the major epitopes recognized by S309. The
results from SPR suggest that synthetic RBDs bind to S309
with significantly reduced affinity compared to wt-RBD
(1000-6000 folds), indicating that a lack of fucose at synthetic
RBD N343 decreases the sensitivity of neutralizing antibodies
dramatically (Figure 4B). Next, the binding assay of RBDs
against mAb CB6,*! suggested that CB6 can bind with these
RBDs with similar affinities (Figure 4 C). Importantly, it also
demonstrates that the size of glycans will not influence the
binding ability of CB6. The binding assay of RBDs against an
mADb AS35 also demonstrates that the size of RBD glycans
has slight perturbations on the interaction of RBD with this
antibody (Figure 4D). Together, all these data indicate that
glycosylation of RBD is unlikely to influence its binding to
ACE2, CB6 and AS35. With regard to S309, our experimental
results support that S309 utilizes core fucose of N343 to
facilitate their interactions. Native glycoforms of N331 and
N343 are heavily fucosylated and possess sialylated complex-
type glycans.* At current stage, it is difficult to explore the
functions of homogeneous N-glycans bearing core fucose and
sialic acids. Thus, continue efforts will be employed to prepare
fucoyslated and sialylated complex-type glycans of RBD in
our lab.

© 2021 Wiley-VCH GmbH

Conclusion

The inaugural synthesis of homogeneous glycosylated
RBDs, bearing defined structure glycans at N331, N343, and
T323, has been achieved through a strategy that is of high
convergence and compatible with SARS-CoV-2 RBD library
synthesis. The state-of-the-art union of oligo-saccharide,
peptide and protein chemistry provides a flexible and robust
means to construct structurally defined glycosylated RBDs
efficiently. Under selective pressure, the evolution of a virus
might result in glycoforms and glycosylation site alteration,
and this scalable synthetic platform allows us to prepare
homogeneous RBDs efficiently and facilitate the develop-
ment of effective therapeutics. Further work to evaluate the in
vivo immunogenicity of synthetic RBDs is under way. More-
over, the platform represents a versatile strategy for accessing
synthetic glycosylated RBDs that could be relevant for other
virus studies, including the SAR study of different RBD
glycoforms, and verifying the capacity of mAbs for other
pathogens such as SARS and MERS. Understanding the
specific role of glycosylation on these viral RBDs would pave
the way for the future development of effective therapeutics
and vaccines.
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