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Abstract

Receptor binding studies on sarbecoviruses would benefit from an available toolkit of

recombinant spike proteins, or domains thereof, that recapitulate receptor binding properties

of native viruses. We hypothesized that trimeric Receptor Binding Domain (RBD) proteins

would be suitable candidates to study receptor binding properties of SARS-CoV-1 and -2.

Here we created monomeric and trimeric fluorescent RBD proteins, derived from adherent

HEK293T, as well as in GnTI-/- mutant cells, to analyze the effect of complex vs high man-

nose glycosylation on receptor binding. The results demonstrate that trimeric, complex gly-

cosylated proteins are superior in receptor binding compared to monomeric and immaturely

glycosylated variants. Although differences in binding to commonly used cell lines were min-

imal between the different RBD preparations, substantial differences were observed when

respiratory tissues of experimental animals were stained. The RBD trimers demonstrated

distinct ACE2 expression profiles in bronchiolar ducts and confirmed the higher binding

affinity of SARS-CoV-2 over SARS-CoV-1. Our results show that complex glycosylated tri-

meric RBD proteins are attractive to analyze sarbecovirus receptor binding and explore

ACE2 expression profiles in tissues.

Author summary

The ongoing COVID19 pandemic necessitates additional tools to study SARS-CoV recep-

tor binding properties. This increases our understanding of how these viruses attach to

cells, essential to monitor possible adaptations and determine the zoonotic capabilities of

these viruses. Here we created fluorescent multimeric RBD proteins with two distinct
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glycosylation profiles. The results demonstrate that trimeric fully glycosylated RBD tri-

mers are excellent tools to study receptor binding properties.

Introduction

SARS-CoV-2 has sparked a society changing pandemic, and additional means to understand

this virus will facilitate counter-measures. SARS coronaviruses carry a single protruding enve-

lope protein, called spike, that is essential for binding to and subsequent infection of the host

cell. The SARS coronavirus trimeric spike protein consists of 3 protomers of about 140kD

each, containing 60 N-linked glycosylation sites. The spike is composed of an S1 and S2

domain, in which S2 contains membrane fusion activity. S1 of coronaviruses can be further

divided into N-terminal and C-terminal domains (NTD & CTD), which both can contain the

receptor-binding domain, depending on the viral genus. In SARS-CoV-1 and -2 this domain is

located in the CTD and referred to as the receptor-binding domain (RBD). The RBD binds to

angiotensin-converting enzyme 2 (ACE2) [1–3], which functions as an entry receptor for

SARS-CoV. After binding and internalization, several proteinases induce the spike protein

into its fusogenic form allowing the fusion of the viral and target membrane. Although this

pathway is known, the details that are of importance for receptor binding and what differenti-

ates SARS-CoV-2 from SARS-CoV-1, are incompletely understood. It has been shown that the

affinity of the SARS-CoV-2 spike to ACE2 is significantly higher compared to SARS-CoV-1

[2,4]. However, how this relates to tissue and cell tropism remains to be determined.

Several recombinant protein approaches to create coronavirus spike proteins have been uti-

lized with success for the development of serological assays [5], elucidating the spike struc-

tures, and isolation of neutralizing antibodies [6,7]. However, the conformation of the

receptor-binding domain of the spike, which can be in the “up” and “down” configuration [8–

12], is highly variable. This variability is important for receptor binding as only in the “up”

conformation the RBD can bind ACE2. Approaches to control the conformation for vaccine

purposes using stabilization mutations appear to keep the RBD conformation in their down-

state [11,12], making them non preferred proteins to analyze receptor-binding properties.

Also, the multimerization status of the RBD is critical to allow for correct analysis of ACE2

interactions. While monomeric RBD proteins can be efficiently made in large quantities [5],

and bind ACE2, they are hardly used in receptor binding assays to cells and tissues. The major-

ity of studies analyzing RBD protein binding to cells and tissues, utilize Fc-tagged proteins [2].

Fc-tags on recombinant proteins are extremely convenient for mammalian cell expression and

purification systems, which result in dimeric recombinant spikes that are biologically func-

tional. However, the native coronavirus spike is trimeric and thus Fc tagged spikes do not fully

recapitulate native properties.

We hypothesized that fluorescent trimeric RBD proteins would provide complementary

means to study RBD-receptor interactions. In this study, we compared monomeric and tri-

meric SARS-CoV RBD with full-length trimeric spikes expressed in cells producing proteins

with either complex or high mannose glycosylation. The fusion of sfGFP and mOrange2 at the

C-terminus has previously been shown to increase expression yields, protein stability, and

afford additional means for fluorescent-based experiments [13], and thus are attractive to be

fused to RBD proteins. The resulting proteins were analyzed for binding to cell culture cells

and paraffin-embedded tissues of various hosts including susceptible and non-susceptible ani-

mals. The results demonstrate that fully glycosylated trimeric SARS-CoV-2 RBD proteins

reveal the differences in ACE2 expression between cell cultures and tissue sections. These
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trimeric RBD proteins bind ACE2 efficiently in a species-dependent manner and can be used

to profile ACE2 tissue expression. Finally, we observed distinct expression of ACE2 in bron-

chioles of experimental animal models.

Results

Generation of fluorescent coronavirus receptor-binding domain spike

proteins

To create recombinant, fluorescent, soluble, full-length ectodomains, NTDs, and RBDs, we

cloned these open reading frames (ORF) in plasmids with and without the GCN4 trimeriza-

tion domain, fused to either sfGFP or mOrange (Fig 1A). The monomeric and trimeric RBDs

were efficiently expressed in both HEK 293T, a commonly used cell line for recombinant

expression of soluble proteins, as well as GnTI-/- cells, that lack mannosidase I resulting in N-

glycosylation that is stalled at Man-5. The latter is commonly used for crystallization purposes,

however mature vs Man-5 protein N-glycosylation can have marked effects on different bio-

logical properties [14–16]. The addition of the sfGFP domain resulted in an increased expres-

sion yield up to 2- to 5-fold. (Fig 1B), and expression yields of the mOrange2 fusions were

comparable. To illustrate the expression yields of SARS spike proteins or domains thereof we

measured the fluorescence in the cell culture supernatant (Fig 1C). The wild-type full-length

ectodomains were difficult to express even with the addition of sfGFP or mOrange2 fusion

(Fig 1B). To increase yields for the full-length ectodomain we introduced the 2P and additional

hexapro mutations [17], and analyzed the fluorescence in cell culture supernatants five days

post-transfection after incubation at 33 or 37˚C. Although we did not observe a large increase

in yields, we were able to purify sufficient protein to compare full-length ectodomain trimers

vs monomeric and trimeric RBD and NTD proteins.

Spike RBD domains in frame with a C-terminal GCN4 and fluorescent

reporter protein display multimeric features on gel and maintain

antigenicity

After purification, all RBD proteins were analyzed on gel under reducing and non-reducing

conditions, i.e. with or without the addition of DTT (Fig 2A). Under non-reducing conditions,

constructs for monomeric RBD proteins contained an additional dimeric fraction, which

could be reduced to a single monomeric form with the addition of DTT. The constructs for

NTD trimers exhibited a single monomeric band on SDS-PAGE under both reducing and

non-reducing conditions, indicating that no intermolecular disulfide bridges were formed.

The constructs for trimeric RBD variants, on the other hand, revealed dimers and trimers

under non-reducing conditions that could be converted to a single monomer form upon the

addition of DTT. The NTD of prototypical γ-coronavirus IBV-M41 and influenza A virus PR8

HA were included as control proteins, neither of which exhibited higher-order oligomers

under non-reducing conditions. Finally, we determined the extent of N-glycosylation matura-

tion on purified proteins expressed in either GnTI-/- or HEK293T by subjecting the mono-

meric and trimeric proteins to PNGaseF and EndoH treatment (S1A–S1C Fig). Upon

PNGaseF treatment, all N-glycans were trimmed whereas 293T derived proteins were insensi-

tive to EndoH, as expected. Surprisingly, trimeric RBDs derived from GnTI-/- cells were par-

tially resistant to EndoH treatment, whereas the monomers derived from GnTI-/- cells

appeared fully deglycosylated using EndoH. This indicated the presence of a fraction of com-

plex glycans in the GnTI-/- derived materials. We confirmed the presence of complex glycans

at all individual sites in both SARS-CoV-1 and -2 RBD constructs by site-specific
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glycoproteomics experiments (S1D Fig and S1 Data). RBD samples were digested into glyco-

peptides and analyzed by LC-MS/MS with electron transfer high-energy collision dissociation

(EThcD) for identification (S1 Data) [18]. Whereas the majority of all sites carried the expected

GlcNAc (2)Man(5) glycans, up to one-fifth of the observed signal per site corresponded to

Fig 1. Expression of coronavirus spike proteins using sfGFP and mOrange2 fusions. (A) Spike expression

plasmids with and without GCN4 trimerization motif fused with either sfGFP or mOrange2. Schematic

representation of the used spike expression cassette. The spike open reading frame is under the control of a CMV-

promotor and was cloned in frame with DNA sequences coding for the CD5 signal peptide. At the C-terminus a

GCN4 trimerization domain followed by sfGFP or mOrange2, and a TEV cleavable Strep-tag II. (B) Expression

analyses of non and sfGFP fused monomeric and trimeric RBD, the full-length ectodomain spike, and the NTD

proteins. Denatured samples of the cell culture supernatant were subjected to SDS-PAGE and western blot analyzes

stained with an anti-Streptag-HRP antibody. (C) Quantification. sfGFP emission was directly measured in the

supernatants. (D) Full-length spike adaptation to the hexapro variant. Full-length spike expression vectors

containing the wildtype, 2P, or Hexapro were expressed at 33 or 37C and fluorescence was measured in cell culture

supernatant 4 days post-transfection.

https://doi.org/10.1371/journal.ppat.1009282.g001
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Fig 2. Molecular analyses. (A) SDS-PAGE analyses of purified RBD proteins. 500 ng of purified proteins were loaded on a gel

with or without preheating for 30 minutes at 98C in the presence of a reducing agent. (B) Antigenic analyses using 21-day post-

infection macaque serum. 2μg/ml SARS-CoV-RBD proteins were coated on 96-well plates. Proteins were detected with macaque

serum for 2hrs at RT. An anti-human IgG-HRP was used to detect RBD specific antibodies. Both 293T and GnTI-/- derived

proteins were analyzed. As negative controls, IBV-M41-NTD and HA-PR8D were included. (C) Negative stain EM of trimeric

RBD fused to sfGFP. Negative-stain 2D class averages of soluble RBD proteins demonstrate that they are well-folded trimers. The

C-terminal helices and fusion proteins are visible in some class averages. (D) Structural model. Based on the crystal structure of a

SARS-CoV-2 RBD in the up conformation, with a GNC4 trimerization domain with 3 sfGFP domains added.

https://doi.org/10.1371/journal.ppat.1009282.g002
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complex glycans. Upon EndoH treatment, the fraction of GlcNAc(2)Man(5) was almost

completely converted to GlcNAc(1), but the complex glycans remained undigested.

Fluorescent multimeric Spike RBD proteins maintain antigenicity

Next, we examined the antigenicity of the SARS-CoV-1 and -2 proteins using serum collected

from macaques 21 days post-infection with SARS-CoV-2 [19]. Both SARS-CoV-2 RBD mono-

mers and trimers derived from 293T cells were efficiently recognized, indicating proper fold-

ing (Fig 2B). As expected, cross-reactivity with SARS-CoV-1 RBD was observed, yet at

minimal levels, and the negative controls M41 NTD and PR8 HA displayed baseline binding,

identical to pre-infection serum. The NTD trimers were likewise minimally recognized by the

serum, indicating that the majority of antibodies in naïve animals after infection are directed

against the SARS-CoV RBD [20]. Similar results were obtained using GnTI-/—derived pro-

teins, with the RBD trimer being less efficiently recognized by the macaque serum than its

monomeric counterpart. This is in line with recent observations that insect cell-derived pro-

teins are less well bound by serum antibodies [5], indicating the importance of mature N-

glycans.

RBD fused to GCN4 and sfGFP fold as trimers with three RBD and sfGFP

molecules divided by the trimerization coiled-coil

To determine whether the fluorescent RBD trimers are indeed structured in a trimeric manner

we subjected these proteins to negative stain single-particle EM. The EM data revealed that the

RBD proteins form stable trimers that resemble known spike structures (Fig 2C). Initially,

58,018 individual particles were picked, placed into a stack, and submitted to reference-free

two-dimensional (2D) classification. From the initial 2D classes, particles that did not resemble

RBD were removed, resulting in a final stack of 32,152 particles, which were then subject to

Relion 2D classification. All resultant classes demonstrated evident and distinct trimeric RBD,

GCN4, and three sfGFP protein structures that could be identified in the EM images. From the

EM images, we generated a model in which we took the crystal structures of sfGFP, the GCN4

trimerization domain (PDB:2O7H), and the SARS-CoV-2 RBD (PDB: 6XM4) to demonstrate

the likely structure of our RBD trimer (Fig 2D).

Fluorescent multimeric Spike RBD proteins bind cell lines in an ACE2

dependent manner and similar to the full-length ectodomain

To determine the biological activity of our RBD proteins we stained VERO and A549 cells,

which are both reported to support SARS-CoV replication with different efficiencies, with

VERO cells being more susceptible compared to A549 cells [21]. On VERO cells we observed

binding for all our protein preparations with an increased intensity of fully complex glycosy-

lated SARS-CoV-2 RBD trimer compared to monomers, GNTI-/- derived proteins, and SARS-

CoV-1 preparations (Fig 3A). We observed no binding using the M41 receptor binding

domain and an antibody only control (S2A Fig). VERO cell engagement was ACE2 dependent,

as we were able to block binding using 4μM recombinant ACE2. Although A549 cells are com-

monly supplemented with ectopic ACE2 to support efficient SARS-CoV infection, we did

observe binding of our RBD preparations (Fig 3B & 3C). Importantly, trimeric 293T-derived

RBD binding was efficiently blocked using 4μM recombinant ACE2, indicating ACE2 depen-

dency, whereas 400nM ACE2 pre-incubation was not sufficient to completely prevent binding.

SARS-CoV-2 RBD proteins bound slightly more intensely to A549 cells compared to the same

SARS-CoV-1 RBD proteins. Importantly, the full-length ectodomain also bound efficiently to
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A549 cells (S2B Fig). We did not observe any binding of the trimeric NTDs to A549 cells (S2B

Fig). MDCK cells, derived from canine kidney, served as negative controls, to which we indeed

did not observe any binding with any of the indicated proteins (S2C Fig). Although A549 cells

need an ectopically expressed ACE2 protein to support SARS-CoV-2 virus infection, they

appear to endogenously express ACE2 at levels sufficient to be bound by our RBD prepara-

tions, as it was blocked by the addition of recombinant ACE2. When we tried to confirm

ACE2 expression using two different antibodies we noticed a significant difference between

two antibodies obtained from Abcam (S3 Fig). However, ACE2 was present as demonstrated

with the 15348 antibody in both A549 and VERO cells, indicating their susceptibility for a

wide range of SARS-CoV viruses [22,23]. MDCK cells were ACE2 negative, as expected from

the literature [24]. Next, we wanted to analyze receptor binding properties in a natural state

using lung tissue slides from different animal species.

Fluorescent RBD proteins fail to bind mouse, but reveal strong binding to

bronchioles in ferret and Syrian hamster lung tissues

Ferrets are a susceptible animal model for SARS-CoV-2 [25,26] and closely related minks are

easily infected on farms [27]. Mice, on the other hand, need an ACE2 genetic knock-in to sup-

port SARS-CoV-2 infection [28]. Formalin-fixed, paraffin-embedded lung tissue slides, will

most closely resemble the complex membrane structures to which spike proteins need to bind.

First, ACE2 expression was assessed using an ACE2 antibody which allowed for comparisons

with SARS-CoV-RBD protein binding localization. Although an antibody against human ACE2

bound significantly to the mouse lung slides, our fully glycosylated RBD trimers failed to bind,

indicating a mismatch for SARS-CoV RBD to mouse ACE2 (Fig 4A). ACE2 detection in ferret

lung tissue sections displayed binding to terminal bronchioles and alveoli (Fig 4B). In ferret lung

tissues we determined the binding properties and strength using our different RBD preparations.

We observed only minimal binding of monomeric RBD proteins derived from GnTI-/- cells (Fig

4B), whereas the fully complex glycosylated counterparts showed a slight increase in fluorescent

intensity, which was further increased when fully complex glycosylated trimeric RBDs were

applied. In all cases, SARS-CoV-2 displayed a higher avidity compared to SARS-CoV-1. A simi-

lar trend of binding intensities was observed for monomeric, trimeric, and different N-glycosy-

lated SARS-CoV-RBD proteins fused to mOrange2 (S4A Fig). Again specific binding was seen

to the epithelium of terminal bronchioles and, to a much lower extent, to alveoli and endothe-

lium. The results were confirmed using horseradish peroxidase readout with a hematoxylin

counterstain (S4B Fig), which output is enzyme driven and purely qualitative, however, we did

observe similar differences in staining intensities. Here, very minimal staining using the SARS-

CoV NTD domains was observed (S4B Fig), which we did not detect using a fluorescent readout

(S4C Fig). To determine if the binding was ACE2 dependent we pre-incubated trimeric RBD

proteins with recombinant ACE2. While 4 μM was sufficient to block binding to cell culture

cells (Fig 4C), 8 μM was needed to prevent all detectable binding to ferret lung tissue.

To confirm our observations of different binding on tissues, we quantified the intensities of

the ACE2 antibody and SARS-CoV-1 and -2 RBD proteins, except for the monomeric GnTI-/-

derived proteins as these were almost in the background (Fig 4D). As expected a noteworthy

Fig 3. Binding of RBD proteins to VERO and A549 cells. (A) SARS-CoV-RBD proteins were applied at 50μg/ml

onto VERO cells and where indicated pre-incubated with recombinant ACE2 protein. (B) Same for SARS-CoV-1 on

A549 cells. (C) Same for SARS-CoV-2. SARS-CoV proteins were detected using an anti-Streptag and a goat-anti-

mouse antibody sequentially. sfGFP fused SARS-CoV-RBD proteins were applied from GnTI-/- monomers to 293T

trimers, left to right. Scalebar is 50μm.

https://doi.org/10.1371/journal.ppat.1009282.g003
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trend was observed of increasing binding strength from SARS-CoV-1 RBD, GnTI-/- derived

monomers to SARS-CoV-2 fully complex glycosylated RBD trimers. Interestingly, multimeri-

zation appears to be more important for strong ACE2 interaction to tissue compared to the

glycosylation status.

Next, we applied our RBD proteins on the lung tissue of Syrian hamsters, which are cur-

rently the preferred small animal model and known to be highly susceptible to SARS-CoV-1

and -2 [29–31]. Here again, trimeric fully complex glycosylated RBD proteins were superior in

binding compared to the Man-5 containing and monomeric counterparts. SARS-CoV-2

bound with significantly higher intensity to terminal bronchioles compared to SARS-CoV-1

(Fig 5). Importantly, all binding could be inhibited by pre-incubation of the RBD proteins

with recombinant ACE2, indicating that binding intensity differences are likely ACE2 related.

SARS-CoV binding completely overlaps with ACE2, which is recognized by

the antibody at 4 days post-infection in Syrian hamster, but not by

fluorescent RBD trimers

To put our fluorescent trimeric RBD proteins to the test we stained ferret lung tissue slides

together with the ACE2 antibody to determine co-localization (Fig 6A). Indeed ACE2 binding

Fig 4. Binding of SARS-COV-RBD proteins and ACE2 antibody to mouse and ferret lung serial tissue slides. (A)

ACE2 antibody, SARS-CoV-1, and -2 on mouse lung tissue slides. Scalebar is 100μm. (B) ACE2 antibody and

antibody only control on ferret lung tissue slides. Scalebar is 100μm. (C) SARS-CoV-RBD fluorescent protein

localization in ferret lung tissue. SARS-CoV-RBD proteins were applied at 50μg/ml and detected using an anti-

Streptag and goat-anti-mouse antibodies sequentially. DAPI was used as a nucleic stain. Scalebar is 100μm. (D)

SARS-CoV-RBD trimer produced in HEK 293T cells pre-incubated with recombinant ACE2 before application

on ferret lung tissue slides. (E) Quantification. The intensity of gray pixels of stained ferret lung tissue slides was

measured with ImageJ version 1.52p. � indicates P<0.05 as determined by an unpaired two-tailed students T-test in the

GraphPad software.

https://doi.org/10.1371/journal.ppat.1009282.g004

Fig 5. Binding of SARS-CoV-RBD proteins to serial Syrian hamster tissue slides. SARS-COV-RBD proteins (50μg/ml) were applied to Syrian hamster lung tissue

slides and detected using additional anti-Streptag and goat-anti-mouse antibodies sequentially. Where indicated SARS-CoV-RBD proteins were pre-incubated with

recombinant ACE2 protein. Scalebar is 100μM. For the quantification, the intensity of gray pixels of stained Syrian Hamster lung tissue slides was measured with

ImageJ version 1.52p. � indicates P<0.05 as determined by an unpaired two-tailed students T-test in the GraphPad software.

https://doi.org/10.1371/journal.ppat.1009282.g005
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by the antibody was almost completely overlapping compared with the trimeric, fully glycosy-

lated, RBD proteins. As we do not observe any competition it is clear that the antibody and

RBD proteins target different epitopes.

We analyzed SARS-CoV-2 RBD binding to Syrian hamster lung tissues before and after

4-days post-infection (dpi) to determine possible infection-mediated downregulation of

ACE2. The trimeric RBD protein bound to mock-infected Syrian hamster lung tissue slides

Fig 6. (A) ACE2 antibody, SARS-CoV-1, and -2 co-stainings on ferret lung tissue slides. Scalebar is 100μm. (B) ACE2 antibody, antibody only

control, and SARS-CoV-1 and -2 on Syrian hamster tissue slide from mock and infected animals 4 days post-infection. Scalebar is 100μm.

https://doi.org/10.1371/journal.ppat.1009282.g006
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but failed to bind at 4dpi. We also stained these sections with an anti-nucleoprotein (NP) anti-

body to determine where infection took place and the anti ACE2 antibody. The NP antibody

failed to bind to mock-infected lung tissue as expected, while it did bind to the infected lung

tissue, demonstrating distinct foci. Finally, the ACE2 antibody bound to Syrian hamster lung

tissue 4dpi, yet at a diminished rate compared to mock infected. Thus both SARS-CoV RBD

trimers fail to bind to infected lung tissues, whereas, although downregulated, ACE2 is

present.

Discussion

In this report, we describe the generation of fluorescent trimeric RBD proteins derived from

SARS-CoV-1 and 2. These proteins can be efficiently expressed in adherent cells and purified

directly from the cell culture supernatant using the increased protein yields provided by the

introduction of a C-terminal sfGFP or mOrange fusion. The fluorescent RBD trimers were

superior in receptor binding on tissues compared to their monomeric RBD counterparts.

Mature N-glycosylation appears to be important for the avid binding of trimeric RBD pro-

teins to ACE2 in multiple different assays. There is a wealth of information on site-specific N-

and O- glycan conformations on spike proteins [32–34], with some disagreement on the

nature of the RBD N-glycans. In our protein preparations, they appear to be complex as the

majority could not be cleaved by EndoH (S1 Fig). Furthermore, the N-glycosylation of the

NTD domain has been shown to affect the conformation of the RBD in full-length spikes [35],

however similar analyses on the RBD N-glycans are lacking.

Currently, most knowledge of ACE2 expression is based on genomic and transcriptomic

data [36]. However, these analyses are limited as it does not determine expression biochemi-

cally on epithelial cells that make contact to the outside world [37]. Several groups have trans-

fected variants of ACE2 in cells to analyze transduction by SARS-CoV-pseudo viruses,

although informative these studies do not provide information on the natural expression pat-

tern of ACE2 in susceptible hosts [38,39]. A detailed understanding of the difference between

animal species and cell-specific expression of ACE2 at the molecular level is essential, as this

can provide valuable knowledge on potential hosts that can be susceptible to SARS-like coro-

naviruses. An intriguing observation we made is that cells, that do not support efficient replica-

tion, are bound by SARS-CoV RBD proteins, in contrast to mouse lung tissues in which ACE2

was not a receptor. Important as well, are the apparent differences between commercially

available antibodies. Finally, we demonstrate that our fluorescent trimeric RBD proteins are

complementary to study ACE2 expression and SARS-CoV receptor binding dynamics.

An intriguing observation was the abundant expression of ACE2 in terminal bronchioles

both in the ferret and Syrian hamster lungs, which are used as experimental animal models.

SARS-CoV-RBD protein binding correlated perfectly with the staining of the ACE2 antibody

and a ferret infection study [25]. In another ferret infection study, however, the infection was

observed in nasal epithelium and many type I pneumocytes and fewer type II pneumocytes in

the lungs, with few bronchial epithelial cells expressing viral antigen [26]. Some studies have

been performed with anti-ACE2 antibodies, but these stainings appear not to correlate with

infection patterns [40,41]. We observed a similar trend indicating that several other factors

may be important to infect cells and that infection could, in turn, regulate ACE2 expression.

Material and methods

Ethics statement

Animals were handled in an ABSL3 biocontainment laboratory. Research was conducted in

compliance with the Dutch legislation for the protection of animals used for scientific purposes
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(2014, implementing EU Directive 2010/63) and other relevant regulations. The licensed estab-

lishment where this research was conducted (Erasmus MC) has an approved OLAW Assur-

ance # A5051-01. Research was conducted under a project license from the Dutch competent

authority and the study protocol (#17–4312) was approved by the institutional Animal Welfare

Body. Animals were housed in groups of 2 animals in Class III isolators allowing social interac-

tions, under controlled conditions of humidity, temperature and light (12-hour light/12-hour

dark cycles). Food and water were available ad libitum. Animals were cared for and monitored

(pre- and post-infection) by qualified personnel. The animals were sedated/anesthetized for all

invasive procedures.

Expression and purification of coronavirus spike proteins for binding studies

Recombinant SARS-CoV-1 and -2 envelope proteins and their subunits were cloned using

Gibson assembly from cDNAs encoding codon-optimized open reading frames of full-length

SARS-CoV-1 and -2 spikes (A kind gift of Rogier Sanders, Amsterdam Medical Centre, The

Netherlands). The pCD5 expression vector as described previously was adapted to clone the

SARS-1 (GenBank: MN908947.3) and 2 (GenBank: MN908947.3), ectodomains (SARS-2 15–

1213, SARS-1 15–1195), N-terminal S1 (SARS-2 15–318, SARS-1 15–305, M41 19 to 272) and

RBDs (SARS-2 319–541, SARS-1 306–527) sequences coding for a secretion signal sequence, a

GCN4 trimerization domain (RMKQIEDKIEEIESKQKKIENEIARIKK) followed by a seven

amino acid cleavage recognition sequence (ENLYFQG) of tobacco etch virus (TEV), a super

folder GFP [13], or mOrange2 [42] and the Twin-Strep (WSHPQFEKGGGSGGGSWSHPQ

FEK); IBA, Germany). Alongside we expressed infectious bronchitis virus M41 spike RBD

(GenBank: AY851295.1) [43],) and influenza A virus PR8 HA (GenBank: NP_040980) [13].

The viral envelope proteins were purified from cell culture supernatants after expression in

HEK293T or HEK293GnTI-/- cells as described previously [44]. In short, transfection was per-

formed using the pCD5 expression vectors and polyethyleneimine I. The transfection mixtures

were replaced at 6 h post-transfection by 293 SFM II expression medium (Gibco), supple-

mented with sodium bicarbonate (3.7 g/L), Primatone RL-UF (3.0 g/L), glucose (2.0 g/L), glu-

taMAX (Gibco), valproic acid (0,4 g/L) and DMSO (1,5%). At 5 to 6 days after transfection,

tissue culture supernatants were collected.

For ACE2 inhibition studies, ACE2 was expressed in a highly identical fashion, ACE2

(Addgene Plasmid #145171) was cloned into a pCD5 expression vector with SacI and BamHI

restriction enzymes. The adapted pCD5 expression vector with an N-terminal HA leader

(MKTIIALSYIFCLVFA) peptide, ACE2, and Twin-Strep (WSHPQFEKGGGSGGGSWSHPQ-

FEK); IBA, Germany) was purified from HEK293T cell culture supernatant.

Determining expression yield

We measure fluorescence in the cell culture supernatant when applicable using a polarstar fluo-

rescent reader with excitation and emission wavelengths of 480 nm and 520 nm for sfGFP and

520nm and 550nm for mOrange2, respectively. Spike protein expression was confirmed by

western blotting using a StrepMAB-HRP classic antibody. Proteins are purified using a single-

step with strepTactin sepharose beads in batch format. Purified proteins were pre-treated (were

indicated) with PNGase F or EndoH (New England Biolabs, USA) according to the manufactur-

er’s protocol before analysis by Western blotting using Strep-MAb-HRP classic antibody.

Antigen ELISA

Plates were coated with 2 μg/mL spike protein in PBS for 16 hours at 4˚C, followed by blocking

by 3% bovine serum albumin (BSA, VWR, 421501J) in phosphate-buffered saline-Tween 0,1%
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(PBS-T 0,1%). After the block, the proteins were detected using a 21-days post-infection

macaque serum and serum of the same monkey before infection. Serum starting dilution was

1:100 and diluted 1:1 for 5 times and incubated at RT for 2 hrs. Next, wells were treated with

goat-α-human HRP secondary antibody for 1 hour at room temperature. Serum spike binding

antibodies were detected using ODP and measured in a plate reader (Polarstar Omega, BMG

Labtech) at 490 nm.

Negative stain electron microscopy structural analysis

SARS-CoV2-RBD-GCN4-sfGFP in 10mM Tris, 150mM NaCl at 4˚C was deposited on 400

mesh copper negative stain grids and stained with 2% uranyl formate. The grid was imaged on

a 200KeV Tecnai F20 electron microscope and a 4k x 4k TemCam F416 camera. Micrographs

were collected using Leginon [45] and then uploaded to Appion [46]. Particles were picked

using DoGPicker [47], stacked. 2D processing was undertaken using Relion. Images showing

Trimeric RBD, a GCN4 connector, and three sfGFPs.

Immunofluorescent cell staining

VERO, A549, and MDCK cells grown on coverslips were analyzed by immunofluorescent

staining. Cells were fixed with 4% paraformaldehyde in PBS for 25 min at RT after which per-

meabilization was performed using 0,1% Triton in PBS. Subsequently, the coronavirus spike

proteins were applied at 50μg/ml for 1 h at RT. Primary Strep-MAb classic chromeo-488 (IBA)

and secondary Alexa-fluor 488 or 555 goat anti-mouse (Invitrogen) were applied sequentially

with PBS washes in between. DAPI (Invitrogen) was used as nuclear staining. Samples were

imaged on a Leica DMi8 confocal microscope equipped with a 10x HC PL Apo CS2 objective

(NA. 0.40). Excitation was achieved with a Diode 405 or white light for excitation of Alexa488

and Alexa555, a pulsed white laser (80MHz) was used at 488 nm and 549 nm, and emissions

were obtained in the range of 498-531nm and 594–627 nm respectively. Laser powers were

10–20% with a gain of a maximum of 200. LAS Application Suite X was used as well as ImageJ

for the addition of the scale bars.

Tissue staining

Serial sections of formalin-fixed, paraffin-embedded ferret, Syrian hamster, and mouse lungs

were obtained from the Department of Veterinary Pathobiology, Faculty of Veterinary Medi-

cine, Utrecht University, and the department of Viroscience, Erasmus University, The Nether-

lands, respectively. All relevant ethical regulations for the use of animal tissues have been

complied with. Tissue deparaffinized in xylene, rehydrated in a series of alcohol from 100%,

96% to 70%, and lastly in distilled water. Tissue slides were boiled in citrate buffer pH 6.0 for

10 min at 900 kW in a microwave for antigen retrieval and washed in PBS-T three times.

Endogenous peroxidase activity was blocked with 1% hydrogen peroxide for 30 min. Tissues

were subsequently incubated with 3% BSA in PBS-T overnight at 4˚C. The next day, purified

viral spike proteins (50μg/ml) or antibodies were added to the tissues for 1 h at RT. With rigor-

ous washing steps in between the secondary antibodies were applied for 45min at RT. Where

indicated recombinant RBD and ACE2 proteins were pre-incubated O/N at 4˚C before appli-

cation on lung tissues or cells. For histological staining, HRPO labeled secondary antibodies

were used, and binding was visualized using 3-amino-9-ethyl carbazole (AEC) (Sigma-

Aldrich) and counterstain was performed using Hematoxylin.

antibodies:

anti ACE2 (abcam 272690) 5ug/mL

anti ACE2 (abcam 15348) 5ug/mL
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anti ACE2 (R&D systems AF933) 5ug/mL

anti SARS-CoV-2 nucleoprotein (abcam 40143-R019) 5ug/mL

Primary Strep-MAb classic chromeo-488 or 555 (IBA) 1ug/mL

Secondary goat anti mouse 488 or 555 (Invitrogen) 2ug/mL

Secondary goat anti mouse HRPO (Invitrogen) 2ug/mL

Secondary goat anti rabbit 488 (Thermo A-11008) 2ug/mL

Secondary donkey anti goat 555 (Thermo A-21432) 2ug/mL

Quantifying and plotting fluorescent image data

Image quantification was performed by measuring the intensity of gray pixels of the stained

ferret and Syrian hamster lung tissue slides with ImageJ version 1.52p. For stained tissues,

background correction was performed by subtracting the average signal intensity of the anti-

body control from the images stained with ACE2 antibody, SARS-CoV1, and SARS-CoV2

recombinant proteins. Regions of interest were set by highlighting the area using the Image ->

Adjust -> Threshold setting. The 8-bit images were checked for saturation by plotting the dis-

tribution of gray values with Analyze -> Histogram. Subsequent analysis was performed by

quantifying the mean ± standard deviation of alveoli/cells stained with distinct proteins in var-

ious images (Analyze -> Measure). Plotting means ± standard deviation values were per-

formed in GraphPad Prism v8.0.1. A 3D Surface plot was generated for several staining

conditions with Analyze -> 3D Surface Plot.

Sample preparation for glycoproteomics analysis

7 μg of EndoH (NEB, New England BioLabs) treated and untreated SARS-CoV-1 and SARS-

CoV-2 RBD domains (monomeric and trimeric) were digested following the S-trap Micro

spin-column protocol (Protifi). Briefly, samples were mixed in the ratio 1:1 (v/v) with 10%

SDS, 100 mM triethylammonium bicarbonate (TEAB), pH 7.55. Next, samples were reduced

with 20 mM DTT (final concentration) at 55˚C for 15 minutes, followed by alkylation with 40

mM iodoacetamide (final concentration) for 30 minutes in the dark. Then, samples were acidi-

fied with 12% phosphoric acid at the ratio 10:1 (v/v) respectively and mixed with the S-trap

binding buffer (90% methanol, 100 mM TEAB, pH 7.1) in the ratio 1:6 (v/v) respectively. The

resulting sample mixture was added to the S-trap spin column and centrifuged at 4000 × g for

2 min at room temperature. The captured proteins were washed six times with S-trap binding

buffer. Following washing, 25 μL of GluC protease (Sigma Aldrich) in 25 mM ammonium

bicarbonate (1:30 w/w ratio) were added to the S-trap column and incubated at 37˚C for 3

hours. Next, 25 μL of trypsin (Promega) in 25 mM ammonium bicarbonate (1:30 w/w ratio)

were applied to the same S-trap column and incubated for 2 hours at 37˚C. After that, 150 μL

of ammonium bicarbonate was added to the S-trap and incubated overnight at 37˚C. Finally,

the peptides were eluted from the S-trap in 3 steps by centrifugation at 4000 × g for 2 min: first

elution of ammonium bicarbonate-peptide mixture, followed by elution with 40 μL of 0.2%

formic acid and, lastly, with 40 μL of 50% acetonitrile/0.1% formic acid (v/v). All elutions we

pooled, vacuum-dried, and resuspended in 85 μL of 2% formic acid.

Mass spectrometry

5 μl of resuspended peptides were analyzed on an Orbitrap Fusion Tribrid (ThermoFisher Sci-

entific, Bremen) mass spectrometer coupled to nanospray UHPLC system Ultimate3000

(ThermoFisher) in duplicates. A 90-min LC gradient from 0% to 35% acetonitrile was used to

separate peptides at a flow rate of 300 ml/min. A Poroshell 120 EC C18 (50 cm × 75 μm, 2.7

μm, Agilent Technologies) analytical column and an Acclaim Pepmap 100 C18 (5 mm × 0.3
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mm, 5 μm, ThermoFisher Scientific) trap column was used for the peptide separation. The

data were acquired in data-dependent mode. Orbitrap Fusion parameters for the full scan MS

spectra were as follows: an AGC target of 4 × 105 at 60,000 resolution, scan range 350–2000 m/
z, Orbitrap maximum injection time 50 ms. Ten most intense ions (2+ to 8+ ions) were sub-

jected to fragmentation with higher energy collision dissociation set to 30%. Once oxonium

ions corresponding to the glycan fragmentation were detected in MS2 spectra, the same pre-

cursor ions were subjected to an electron-transfer/higher-energy collision dissociation ion

fragmentation scheme. The supplemental higher-energy collision dissociation energy was set

at 27%. The MS2 spectra were acquired at a resolution of 30,000 with an AGC target of 5�105,

maximum injection time 250 ms, scan range 120–4000 m/z, and dynamic exclusion of 16 s.

Mass spectrometry data analysis

The acquired data were searched for glycan modifications with Byonic against a custom data-

base of recombinant RBD domains of SARS-CoV-1 and SARS-CoV-2 and proteases. The

search window was set to 12/24 ppm for MS1/MS2, respectively, and a False Discovery Rate

(FDR) to 1%. Up to five missed cleavages were allowed using C-terminal cleavage at R/K/E/D

to account for the sequential GluC-trypsin digestion. Carbamidomethylation of cysteine was

set as a fixed modification, methionine oxidation as variable common 1, glycan modifications

as variable common 2, permitting up to max. 2 variable common modifications per one pep-

tide. A glycan database containing 305 N-linked glycans was used in the search. Glycopeptide

hits reported in the Byonic results file were initially accepted if the Byonic score was�200,

LogProb�2, and peptide length was at least 6 amino acids. Accepted glycopeptides were man-

ually inspected for the quality of fragment assignments. The glycopeptide was considered true-

positive if the appropriate b, y, c, and z fragment ions were matched in the spectrum, as well as

the corresponding oxonium ions of the identified glycans. All glycopeptide identifications

were merged into a single non-redundant list per sequon. Glycans were classified based on

HexNAc content as chitobiose (up to maximum 2 HexNAc and 1 Fuc), high-mannose (2 Hex-

NAc), hybrid (3 HexNAc), or complex (>3 HexNAc). Byonic search results were exported to

mzIdentML format. These files were used to build a spectral library in Skyline and extract peak

areas for individual glycoforms from MS1 scans. The full database of variable N-linked glycan

modifications from Byonic was manually added to the Skyline project file in XML format. Gly-

copeptide identifications from Byonic were manually inspected in Skyline and evaluated for

correct isotope assignments and well-defined elution profiles, acceptable for peak integration.

In the case of multiple missed cleavages, reporting on the same site-specific glycoform, peak

areas were summed in the semi-quantitative analysis. Reported peak areas were pooled based

on the number of HexNAc residues to distinguish chitobiose/high-mannose/hybrid/complex

glycosylation. The semi-quantitative analysis of the glycosylation profile was performed per

site. The acquired quantitative data were illustrated with GraphPad Prism 8 software.

Supporting information

S1 Fig. Glycosylation analyses of the SARS-CoV protein preparations. (A) PNGAse F and

EndoH treatment of SARS-CoV-1 RBD proteins. 0.5μg of protein was subjected without or

with PNGase F or EndoH for 1hr and subjected to SDS-PAGE and western blot analyzes. (B)

PNGAse F and EndoH treatment of SARS-CoV-2 RBD proteins. As in (A). (A) PNGAse F

and EndoH treatment of SARS-CoV-2 hexapro full-length ectodomain trimer from 293T

cells and the M41NTD trimer from both 293T and GnTI-/- cells. 0.5μg of protein was sub-

jected without or with PNGase F or EndoH for 1hr and subjected to SDS-PAGE and western

blot analyzes. (D) Semi-quantitative glycoproteomic analysis of N-linked glycosylation of
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SARS-CoV-1 and SARS-CoV-2 trimeric and monomeric RBDs. Semi-quantitative analyses

are based on extracted peak areas of site-specific N-glycosylation and represented by glycan

type (chitobiose, high-mannose, and complex/hybrid). Chitobiose type refers to the glycans

consisting of only one or two HexNAc residues and/or one fucose. High-mannose type refers

to the glycans with a maximum of 2 HexNAc residues extended with oligomannoses (2–8

mannoses) and/or fucose. Complex/Hybrid type refers to the glycans with at least 3 HexNAc

residues and extended with various monosaccharide residues. Error bars represent the stan-

dard deviation of the duplicate measurement. A full overview is presented in S1 Data.

(TIF)

S2 Fig. Binding of SARS-COV spike protein domains to cell lines to A549, VERO, and

MDCK cells. Proteins were applied 50μg/ml and were detected using anti-strep and goat-anti-

mouse antibodies. Scalebar is 5μm.

(TIF)

S3 Fig. Comparison of 2 anti-ACE2 antibodies from Abcam. Cells and tissue were stained

with 5ug/ml of the designated antibody for 1 hr and detected after several washing steps for

1hr with an goat-anti-rabbit-alexa488 or a donkey-anti-goat-alexa555. Scalebar is 100μm.

(TIF)

S4 Fig. Binding of RBD proteins to tissues. (A) Binding of RBD proteins fused to mOr-

ange2 to ferret lung tissues. Proteins were applied 50μg/ml and detected using anti-strep and

goat-anti-mouse antibodies. Scalebar is 100μm. (B) Binding of RBD proteins fused to sfGFP

proteins to ferret lung tissues, using HRP as a readout. Identical experiment to (A) but

using an HRP readout using anti-strep and goat-anti-mouse antibodies. Scalebar is 100μm.

(C) Control staining on ferret lung tissues using HRP as readout. M41, NTD trimers of

SARS-CoV-1 and -2 and antibodies only. Proteins were applied 50μg/ml and detected using

anti-strep and goat-anti-mouse antibodies. Scalebar is 100μm. (D) Lack of NTD binding to

ferret lung tissue using fluorescence. Proteins were applied 50μg/ml and detected using anti-

strep and goat-anti-mouse antibodies. Scalebar is 100μm. (E) Control stainings to Syrian

hamster tissues, antibodies only and M41. Proteins were applied 50μg/ml and where indi-

cated pre-incubated with recombinant ACE2 protein. Scalebar is 100μm.

(TIF)

S1 Data. Raw data of the N-glycan Mass spectrometry measurements.

(XLSX)
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