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Abstract

The threat of a major coronavirus pandemic urges the development of suitable strategies to combat 

these pathogens. HCoV-NL63 is an α-coronavirus that can cause severe lower respiratory tract 

infections requiring hospitalization. We report here the 3.4 Å resolution cryo-electron microscopy 

reconstruction of the HCoV-NL63 coronavirus spike glycoprotein trimer, which is the 

conformational machine responsible for entry into host cells and the sole target of neutralizing 

antibodies during infection. The map resolves the extensive glycan shield obstructing the protein 

surface and, in combination with mass-spectrometry, provides a structural framework to 

understand accessibility to antibodies. The structure also reveals a remarkable modular 

architecture of the receptor-binding subunit and the complete architecture of the fusion machinery 

including the triggering loop and the C-terminal domains, which contribute to anchoring the trimer 

to the viral membrane. Our data further suggest that HCoV-NL63 and other coronaviruses use 

molecular trickery, based on masking of epitopes with glycans and activating conformational 

changes, to evade the immune system of infected hosts.

Coronaviruses are enveloped viruses, with large single-stranded positive-sense RNA 

genomes, classified in four genera (α, β, γ, and δ). In humans, coronaviruses are responsible 

for 30% of respiratory tract infections1. In addition, coronaviruses have fostered a lot of 
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attention in the last decade due to the emergence of two deadly viruses with tremendous 

pandemic potential: severe acute respiratory syndrome coronavirus (SARS-CoV) and 

Middle-East respiratory syndrome coronavirus (MERS-CoV)2. To date, there are no 

approved antiviral treatments or vaccines for any human coronavirus.

Coronaviruses are zoonotic viruses and surveillance studies suggest both SARS-CoV and 

MERS-CoV originated from bats; with camels likely acting as intermediate hosts for the 

latter virus3,4. Moreover, sequencing data demonstrated that bats constitute a reservoir of 

coronaviruses that have the potential to cross the species barrier and infect humans. This is 

illustrated by the fact that substitution of three amino acid residues in the spike (S) 

glycoprotein receptor-binding domain of the bat-infecting HKU4-CoV can enhance its 

affinity for human DPP4 (the MERS-CoV receptor) by two-orders of magnitude5,6. Also, 

substitution of two other residues enables processing by human proteases and allows the 

HKU4-CoV S protein to mediate entry into human cells7. As a result, cross-species 

transmission of coronaviruses poses an imminent and long-term threat to human health. 

Recombination with coronaviruses frequently involved in mild respiratory infections could 

potentially lead to the emergence of highly pathogenic viruses4. Understanding the 

pathogenesis, cross-species transmission and recombination of coronaviruses is key for 

evaluating long-term emerging disease potentials and for preventing and controlling the 

spread of coronaviruses in humans.

To date, α- and β-coronavirus genera have been implicated in human diseases and zoonoses. 

The human coronavirus NL63 (HCoV-NL63) is an α-coronavirus, which is genetically 

distinct from β-coronaviruses mouse hepatitis virus (MHV, the prototypical coronavirus), 

MERS-CoV and SARS-CoV, and was first isolated from a 7-month-old patient with a 

respiratory tract infection8,9. Further studies revealed HCoV-NL63 infections appear to be 

common in childhood, and most adult sera contain antibodies that neutralize the virus8,10. 

HCoV-NL63 is a major cause of bronchiolitis and pneumonia in newborns worldwide and 

can cause severe lower respiratory tract infections requiring hospitalization, especially of 

young children, the elderly, and immunocompromised adults11. HCoV-NL63 infections have 

been reported in 12 countries across Europe, Asia and North America, indicating that it is 

circulating among the human population worldwide. Other α-coronaviruses related to the 

human respiratory pathogen HCoV-229E have recently been identified in camels co-infected 

with MERS-CoV4, further underscoring the importance of characterizing this coronavirus 

genus. Additionally, the emergence of the highly lethal porcine epidemic diarrhea 

coronavirus (PEDV, α-genus) had devastating consequences for the US swine industry 

recently12.

Coronaviruses use S homotrimers to promote cell attachment and fusion of the viral and host 

membranes. As it is virtually the only antigen present at the virus surface, S is the main 

target of neutralizing antibodies during infection and a focus of vaccine design13. S is a class 

I viral fusion protein synthesized as a single chain precursor of about 1,300 amino acids 

which trimerizes upon folding14. It is composed of an N-terminal S1 subunit, containing the 

receptor-binding domain, and a C-terminal S2 subunit, driving membrane fusion. Upon 

virion uptake by target host cells, cleavage at the S2’ site (next to the putative fusion peptide) 
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is required for fusion activation of all coronavirus S proteins such that they can subsequently 

transition to the post-fusion conformation15–17.

Our previously reported cryo-electron microscopy (cryoEM) reconstruction of the MHV S 

glycoprotein at 4.0 Å resolution revealed the pre-fusion architecture of the machinery 

mediating entry of β-coronaviruses into cells18. It also demonstrated that coronavirus S and 

paramyxovirus F proteins share a common evolutionary origin. Here, we report the atomic 

resolution structure of the pathogenic HCoV-NL63 S glycoprotein trimer which belongs to 

the α-coronavirus genus. The significant resolution improvement compared to earlier studies 

allows visualization of the S glycoprotein with an unprecedented level of details, which is a 

prerequisite for guiding drug and vaccine design, and reveals shared and unique features of 

the α-genus of human pathogens. Our results suggest that NL63 and other coronaviruses use 

molecular trickery, based on masking of epitopes with glycans and activating conformational 

changes, to evade the immune system of infected hosts similarly to what has been described 

for HIV-1.

RESULTS

Structure determination

We produced the HCoV-NL63 S ectodomain N-terminally fused to a GCN4 trimerization 

motif in register with the heptad-repeat 2 (HR2) helix. Frozen-hydrated HCoV-NL63 spike 

ectodomain particles were imaged using an FEI Titan Krios electron microscope equipped 

with a Gatan Quantum GIF energy-filter operated in zero-loss mode with a slit width of 20 

eV and a Gatan K2 Summit electron counting camera19. We determined a three-dimensional 

reconstruction of the HCoV-NL63 spike at 3.4 Å resolution using the gold-standard Fourier 

shell correlation (FSC) criterion of 0.14320,21 (Fig. 1 and Supplementary Fig. 1). The final 

model was built and refined using Coot22 and Rosetta23–25 and includes residues 28 to 1231 

with an internal break between residues 994–998 (Supplementary Fig. 2 and Table 1). The 

HCoV-NL63 S ectodomain is a 160 Å long trimer with a triangular cross-section.

The ordered glycan shield

A striking feature of this structure is the extraordinary number of N-linked oligosaccharides 

that cover the spike trimer. In the cryoEM reconstruction, we could observe density for 30 

N-linked glycans extending tangentially relative to the protein surface (Fig. 2A–B, 

Supplementary Fig. 2 and Supplementary Table 2). At least the two core N-acetyl 

glucosamine moieties are visible for the majority of glycosylation sites. Using on-line 

reversed phased liquid chromatography with electron transfer/high-energy collision-

dissociation tandem mass-spectrometry26, we detected 24 N-linked glycosylation sites 

overlapping with those observed in the cryoEM map and identified 4 additional sites (Fig. 

1C, Supplementary Fig 3 and Supplementary Table 2). These sites were identified from both 

intact glycopeptides as well as peptides with the glycan trimmed down to the N-linked core 

N-acetyl glucosamine moiety. The cryoEM and mass-spectrometry data combined provides 

evidence for glycosylation at 34 out of 39 possible NXS/T glycosylation sequons. The intact 

glycopeptides detected by MS/MS for HCoV-NL63 S expressed in Drosophila S2 cells 

corresponded to either paucimannosidic glycans containing 3 mannose residues (with or 
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without core fucosylation) or high-mannose glycans containing 4 to 9 mannose residues. 

Previous reports suggested that several coronavirus S glycans are of the high-mannose type, 

as a result of direct budding from the endoplasmic reticulum-golgi intermediate 

compartment27,28, which underscores the biological relevance of the potential glycan 

structures identified. In the refined model, N-linked glycans significantly cover the 

accessible surface of the trimer (Fig. 1A–B). The higher glycan density per accessible 

surface area detected for the S2 subunits (865 Å2/glycan) compared to the S1 subunits (1350 

Å2/glycan) could explain why most coronavirus neutralizing antibodies isolated to date 

target the latter region. As many of the observed glycosylation sites are topologically 

conserved among coronavirus S proteins, we put forward that the glycan footprint observed 

here could be representative of other S proteins. Besides potentially contributing to immune 

evasion as discussed below, S glycans have been proposed to play a role in host cell entry29 

using L-SIGN lectin which is an alternative receptor for SARS-CoV30 and HCoV-229E27.

Structure of the S2’ trigger loop

The HCoV-NL63 and MHV S2 fusion machineries are structurally similar and can be 

superimposed with excellent agreement (Fig. 3A, Supplementary Fig. 4, DALI31 Z-score 

30.4, rmsd 2Å over 312 residues). In contrast to our previous MHV S structure18, most of 

the HCoV-NL63 S2’ trigger loop, which connects the upstream helix to the fusion peptide 

and participates in fusion activation, is resolved in the reconstruction (Fig. 3B). It runs 

almost perpendicularly to the long axis of the S2 subunit and forms three helical segments 

before looping back to connect to the fusion peptide. Multiple arginine residues, forming 

two putative furin cleavage sites, are present in the C-terminal region of the S2’ loop (863-

RNIRSSR-870), which is characterized by weaker density as would be expected from a 

protease-sensitive polypeptide segment. These observations agree with previous studies 

suggesting fusion activation of the HCoV-NL63 S glycoprotein occurs upon S2’ proteolytic 

processing at the plasma membrane (by trypsin-like proteases such as TMPRS2) or in the 

endosomal pathway (by furin or cysteine proteases)15,32. The lack of strict amino acid 

sequence conservation at the S2’ cleavage site among coronavirus S proteins reflects the 

usage of different proteases found in distinct cellular compartments for fusion 

activation15,17. Similarly to the additional cleavage site present between the S1 and S2 

subunits of MERS-CoV7, protease sensitivity is likely further influenced by the presence of 

multiple glycans in the vicinity of the S2’ loop (Fig. 3B). However, we emphasize that S2’ 

processing occurs at topologically equivalent positions for HCoV-NL63 S, MERS-CoV S, 

MHV S and probably most coronavirus S glycoproteins.

The connector domain and stem helix contribute to anchoring the trimer to the viral 
membrane

The HCoV-NL63 S reconstruction resolves a large part of the S2 C-terminal region that had 

not been observed in previous studies (Fig. 3A)18,33. Due to the significant resolution 

improvement, we were able to build an atomic model for the connector domain, so named as 

it connects to the HR2 region, and the stem helix. The connector folds as a β-rich domain 

decorated with one short α-helix. At its C-terminal end, the polypeptide chain folds as an α-

helix (stem helix, Fig. 3A, C-D), aligned along the 3-fold molecular axis, which turns into 

the HR2 domain corresponding to 71 additional residues not resolved in our map. In the 

Walls et al. Page 4

Nat Struct Mol Biol. Author manuscript; available in PMC 2017 July 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



trimer, the connector domains assemble as a cup flanking the viral membrane proximal side 

of the ectodomain, and the stem helices form a bundle stabilized by hydrophobic 

interactions. The coronavirus S connector domain and the equivalent paramyxovirus F 

domain share a related topology although their tertiary structures are different and several 

structural motifs have been added to the latter domain throughout evolution34,35 (Fig. 4A–

D). Moreover, the trimer of stem helices assemble as a helical bundle initiating the HR2 

domain in a way reminiscent of the HRB region of paramyxovirus pre-fusion F 

structures34,35. These observations strengthen the evolutionary connection we previously 

proposed for the fusion machineries of these two viral families18. Comparison of the pre-

fusion HCoV-NL63 S2 subunit with the structure of the post-fusion core implies that the C-

terminal region of the connector domain and the stem helix must refold and/or change 

conformation to yield the canonical “trimer-of-hairpin” conformation that mediates fusion of 

the host and viral membrane in all class I fusion proteins18,36,37.

Duplication of the N-terminal domain in α-coronaviruses

The HCoV-NL63 S structure shows the presence of an additional N-terminal domain, 

relative to β-coronaviruses. Phylogenetic analyses suggest this is a canonical feature of most 

α-coronavirus S glycoproteins. (Fig. 5A–C). This domain, that we named domain 0, adopts 

a galectin-like β-sandwich fold supplemented with a three-stranded β-sheet similar to 

domain A (Fig. 5D–F, DALI Z-score 5.8, rmsd 4.1Å over 144 residues), suggesting a gene 

duplication event. Domain 0 interacts with the viral membrane proximal side of domain A 

and with domain D. We detected that domain 0 is also structurally similar to the VP8* sialic 

acid-binding domain of the rotavirus VP4 spike protein (Fig. 5G, PDB 1KQR, DALI Z-

score 7.8, rmsd 3.1Å over 114 residues). In line with this finding, domain 0 of transmissible 

gastro-enteritis coronavirus (TGEV) and of PEDV bind to sialic acid and deletion of this 

domain in α-coronavirus S appears to correlate with loss of enteric tropism38. No sialic acid 

binding activity was detected for HCoV-NL63 domain 0 (Supplementary Fig. 5) and this 

might explain the strict respiratory tropism of this virus. Instead, host cell heparan sulfate 

proteoglycans have been shown to participate to HCoV-NL63 anchoring and infection39 and 

we detected binding of heparin sulfate to the HCoV-NL63 S protein using surface plasmon 

resonance (Supplementary Fig. 6 A). We hypothesize these interactions could be mediated 

either by domain 0, which exhibits several positively charged patches on its surface 

(Supplementary Fig. 6 B), or domain A that is known to bind carbohydrates in the case of 

bovine coronavirus40.

Glycan masking and conformational changes appear to participate in immune evasion

Domain B, which is the HCoV-NL63 receptor-binding domain, exhibits a structure distinct 

from β-coronavirus B domains although a topological relatedness could be detected among 

these β-rich domains41. Superimposition of the HCoV-NL63 and MHV S1 subunits 

highlights that their B domains feature opposite orientations related by a ~180° rotation (Fig. 

6A–B). As a result, many of the HCoV-NL63 receptor-binding residues are either interacting 

with domain A belonging to the same protomer, including the glycan at residue asparagine 

358, or are buried and not available to engage the host cell receptor (human angiotensin-

converting enzyme 2, ACE2). Comparison of the HCoV-NL63 domain B structure in our 

cryoEM-derived model with the crystal structure of the same domain in complex with 
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ACE242 reveals that the receptor-binding loop containing residues 531–539 significantly 

changes its conformation upon binding (Fig. 6C). These findings rationalize the markedly 

higher binding affinity of HCoV-NL63 domain B, compared to the full-length S1 domain, 

for ACE2 (Fig. 6D). Since the receptor-binding loops are known to elicit potent neutralizing 

antibodies in the case of TGEV43, MERS-CoV44 and SARS-CoV45–48, we speculate that 

HCoV-NL63 has evolved to limit exposure of this vulnerable site to B-cell receptors via 

protein-protein interactions and glycan masking. This mechanism is reminiscent of the 

HIV-1 immune evasion strategy which relies on a glycan shield and conformational changes 

triggered by binding of CD4 to expose the chemokine receptor-interacting motif (V3 

loop)49,50.

DISCUSSION

Viruses have evolved several immune evasion strategies including rapid antigenic evolution, 

masking of epitopes, and exposure of non-neutralizing immune-dominant “decoy” epitopes. 

For instance, HIV-151, Lassa virus52, Hepatitis C virus53 and Epstein Barr virus54 exhibit 

extensive N-linked glycosylation, covering exposed protein surfaces, and whose mass can 

exceed that of the protein component. The HCoV-NL63 S trimer is covered by an extensive 

glycan shield consisting of 102 N-linked oligosaccharides obstructing the protein surface. 

This observation is reminiscent of what has been described for the HIV-1 envelope trimer51 

although the glycan density is 30% higher in the latter case. Furthermore, our data suggests 

that, similarly to HIV-1, coronavirus S glycans are masking the protein surface to limit 

access to neutralizing antibodies and thwart the humoral immune response. This strategy is 

illustrated by the presence of a glycan linked to asparagine 358 in the HCoV-NL63 structure 

reported here. This glycan contributes, along with the proteinaceous moiety of domain A, to 

masking the receptor-binding loops, that have been shown to elicit potent neutralizing 

antibodies in vivo43 and in vitro44, and appear to represent a potential Achilles’ heel of 

coronaviruses. This hypothesis is further supported by the observation of three additional 

glycans directly protruding from the viral membrane distal side of domain B. As a result, 

conformational changes are required for the HCoV-NL63 S glycoprotein to be able to 

interact with ACE242. These rearrangements and/or receptor binding likely participate to 

initiate the fusion reaction by disrupting the interactions formed between domain B and the 

HR1 C-terminal region. It is tempting to speculate that interactions with heparan sulfate 

proteoglycans present at the host cell surface could contribute to activating HCoV-NL63 S 

and promote subsequent interactions with ACE2. A common theme arising from the analysis 

of α- and β-coronavirus S glycoprotein structures is that domain B-mediated host anchoring 

involves major structural rearrangements to expose the binding motifs18,33.

Visualization of the glycan shield obstructing access to the S surface and deciphering the 

molecular trickery employed by some coronaviruses provides a rational basis to understand 

accessibility to neutralizing antibodies and paves the way for guiding future immunogen and 

therapeutics design. We previously suggested that targeting the fusion machinery bears the 

promise of finding broadly neutralizing inhibitors of coronavirus infection18 and the high-

density of glycans decorating this region will have to be taken into consideration to increase 

the likelihood of success.
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METHODS PROCEDURES

See Supplementary methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cryo-electron microscopy structure of the HCoV-NL63 S trimer at atomic resolution
a, Representative micrograph of frozen-hydrated HCoV-NL63 S particles (defocus 3.4 μm). 

Scale bar: 355 Å. b, Five selected class averages showing the particles along different 

orientations. Scale bar: 60 Å. c–d, 3D map filtered at 3.4 Å resolution colored by protomer. 

Two orthogonal views of the S trimer (from the side (c) and from the top, looking toward the 

viral membrane, (d)) are shown. e–f, Ribbon diagrams showing the HCoV-NL63 S atomic 

model oriented as in c–d.
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Figure 2. Organization of the HCoV-NL63 S protein glycan shield revealed by cryoEM and 
mass-spectrometry
a–b, Ribbon diagrams showing two orthogonal views of the S trimer (from the side (a) and 

from the top, looking toward the viral membrane, (b)) with glycans shown as dark blue 

spheres. c, Residue-level schematic of N-linked glycans. The most extensive glycan 

structure detected by mass-spectrometry at each site is represented except for glycans 

observed only by cryoEM for which the resolved sugar moieties are shown. FP: fusion 

peptide, HR1: heptad-repeat 1 region, HR2: heptad-repeat 2 region (shown with a dashed 

line as it is not resolved in the map), TM: transmembrane domain (the striated texture 

indicates regions that are not part of the construct).
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Figure 3. Architecture of the complete coronavirus fusion machinery
a, Ribbon diagram of the S2 trimer colored by protomer with glycans rendered as sticks. b, 
Blow-up view of the S2’ trigger loop region which is comprised between the central helix 

and the fusion peptide (light blue). N-linked glycans are shown as dark blue spheres. c–d, 
Ribbon diagrams showing two orthogonal views of the S2’ C-terminal region which is 

assembled from the connector domains and stem helices. The N- and C- terminal extremities 

of the polypeptide segments shown are indicated.
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Figure 4. Structural conservation of coronavirus and paramyxovirus fusion machineries
a–b, Ribbon diagrams of the HCoV-NL63 S2 subunit (a) and of the RSV F protein (b). The 

similar 3D organization of the core β-sheet, the upstream helix and the central helix among 

the two proteins are highlighted using identical colors. The topology diagrams underscore 

the fact that the HCoV-NL63 S connector domain and the equivalent RSV F domain also 

share a similar topology although their tertiary structures are different and several structural 

motifs have been added to the latter domain throughout evolution. The RSV F secondary 

structural elements are annotated according to34. The N- and C- terminal extremities of the 

polypeptide segments shown are indicated.
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Figure 5. Evolution of the α-coronavirus S glycoprotein fold appears to correlate wit tissue 
tropism
a, Schematic representation of several α-coronavirus S glycoproteins S1 subunits 

highlighting the presence of one or several domains 0 (blue) compared to β-coronaviruses. 

HCoV-NL63 (GB: YP_003767.1), 229-rel CoV 1 (GB: ALK28775.1), 229-rel CoV 2 (GB: 

ALK28765.1), HCoV-229E (GB: NP_073551.1), PEDV: porcine epidemic diarrhea virus 

(GB: AAK38656.1), TGEV: transmissible gastro-enteritis virus strain Purdue P115 (GB: 

ABG89325.1), PRCV: porcine respiratory coronavirus strain ISU-1 (GB: ABG89317.1), 

FECV-UU23: feline enteric coronavirus strain UU23 (GB: ADC35472.1), and FIPV-UU21: 

feline infectious peritonitis coronavirus strain UU21 (GB: ADL71466.1). The β-coronavirus 

MHV S1 subunit is shown for comparison. Domains A–D are indicated for MHV and 

HCoV-NL63. b, Ribbon diagram of the HCoV-NL63 S1 subunit. c, Ribbon diagram of the 

MHV S1 subunit. d–g, Ribbon diagrams of HCoV-NL63 domain 0 (d), domain A (e), MHV 

domain A (f) and rotavirus VP8* (g) showing their structural similarity which points to a 

common ancestry. HCoV-NL63 domain 0 and A likely arose from a duplication event.
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Figure 6. Immune evasion strategy employed by HCoV-NL63
a, Ribbon diagram of the HCoV-NL63 S trimer highlighting the conformation of the S1 

subunit. Domains 0, A, B, C and D are colored for one protomer. b, The HCoV-NL63 

receptor-binding loops are buried via interactions with domain A belonging to the same 

protomer (including the glycan moiety harbored by residue Asn 358) and are not available to 

engage host cell receptors. Superimposition of the HCoV-NL63 (purple) and MHV (light 

grey) S1 subunits via their C domains highlights that their B domains feature opposite 

orientations related by a ~180° rotation. This suggests a putative trajectory for the 

conformational changes that have to occur to engage the host cell receptor. Only domain C is 

shown for MHV S. c, Comparison of the HCoV-NL63 domain B structure in our cryoEM 

derived model (purple) with the crystal structure of the same domain in complex with ACE2 

(green/dark grey) shows that the receptor-binding loop containing residues 531–539 
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significantly changes its conformation upon binding. d, Isolated HCoV-NL63 domain B 

binds ACE2 with higher affinity than the full-length S1 domain. The ability of the HCoV-

NL63 S1 subunit and its receptor binding domain (S1-B) to bind to the ACE2 receptor was 

compared using an ACE2-binding ELISA. ACE2-coated ELISA plates were incubated with 

serial dilutions of equimolar amounts of murine Fc-tagged (mFc) S1 proteins after which 

bound mFc-tagged S1 proteins were detected with anti-mFc conjugate. SARS-CoV S1-mFc 

was used as a positive control. HCoV-NL63 S1 domain 0 (S1-0-mFc) and PEDV S1-mFc 

(that do not bind ACE2) were used as negative controls. Mean values and errors bars of three 

independent experiments are shown.
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