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1. INTRODUCTION

Coronavirus (CoV) infection of humans has so far not been associated with severe
disease. However, the discovery of the severe acute respiratory syndrome (SARS) CoV
revealed that highly pathogenic human CoVs (hCoVs) can evolve. As the character-
ization of new hCoVs is therefore an important task, we studied the cellular entry of
hCoV-NL63, which was recently isolated from patients with lower respiratory tract
illness.'

Entry of CoVs into target cells is determined by the major viral envelope
glycoprotein termed “spike” (S), which provides the virions with their characteristic
corona-like shape.>® The main function of the S-protein in CoV entry is the binding to a
host cell receptor followed by fusion of viral and cellular membranes.*” The domains in S
that are required for membrane fusion locate to the C-terminal half of the protein (S2
subunit). Receptor engagement is conferred by the N-terminal S1 subunit; consequently,
the S-protein of a given CoV can determine its cell tropism® Although the S-proteins of
animal and human CoVs exhibit the same functional organization, particularly the S1
subunits differ in amino acid sequence, resulting in interaction with specific cellular
receptors. Within group I CoVs, hCoV-NL63 is phylogenetically highly linked to hCoV-
229E, and especially the S-proteins of both viruses share a high sequence homology. The
S-protein of hCoV-229E is known to employ the human aminopeptidase N (hAPN, also
called CD13, herein referred to as hAPN/CD13) for infection of target cells’; therefore, it
was speculated that NL63 might use the same receptor for cellular entry.'

The S-protein is sufficient to mediate CoV entry into receptor-positive target cells
and can be incorporated into heterologous viral particles. Thus, CoV S-proteins can be
expressed in the envelope of lentiviral particles, and these pseudotyped viruses
(“pseudotypes™) proved to be a useful experimental system to analyze SARS-CoV-S
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mediated cellular entry.* "' For production of pseudotypes, envelope-defective lentiviral
genomes encoding a reporter gene and a plasmid encoding a CoV S-protein are expressed
in cells, which then secrete lentiviral particles harbouring the S-protein in their envelope.
These particles infect susceptible cells in a CoV-S dependent manner, and entry
efficiency can be quantified by determination of the reporter gene activity.

2. IDENTIFICATION OF ANGIOTENSIN-CONVERTING ENZYME 2 (ACE2)
AS A RECEPTOR FOR hCoV-NL63

2.1. The S-proteins of hCoV-NL63 and -229E Interact with Different Receptors

Replication competent hCoV-NL63 has been cultured on tertiary monkey kidney
cells,"'* but permissive human cell lines had not been identified so far. Using lentiviral
pseudotypes, we therefore analyzed a panel of human cell lines for susceptibility to
hCoV-NL63 S-mediated entry (chapter 4.2). Interestingly, the cell tropism measured for
NL63-S was congruent with that observed for SARS-CoV,*!*!" but differed significantly
from that measured for 229E-S, suggesting that both glycoproteins might interact with
different receptors despite their high amino acid identity. Furthermore, we were able to
show that hCoV-NL63 does not engage feline aminopeptidase N (fAPN) in contrast to all
CoVs of class I investigated so far."> However, cells expressing the SARS-CoV receptor
protein ACE2'*"> were susceptible to NL63-S driven infection. This was unexpected as
NL63-S has no striking homology to either the whole S1 subunit of SARS-CoV or the
already identified ACE2 interaction domain in SARS-CoV-S,'® suggesting that both
proteins either form a common three-dimensional structure that allows ACE2
engagement in a similar fashion or that both S-proteins evolved different strategies to
target ACE2. The interaction between NL63-S and ACE2 was specific, as the closely
related ACE1 protein did not react with NL63-S, and on the other hand, ACE2 was not
able to confer 229E-S-mediated infection, suggesting that ACE2 is not a functional
equivalent of fAPN in class I CoV entry.

2.2. Direct Interaction Between ACE2 and NL63-S

In order to investigate whether NL63-S directly contacts ACE2, we employed a
FACS-based binding assay. For this, the NL63-S1 region was fused to the constant chain
of human immunoglobulin (IgG), expressed in 293T cells and concentrated from the
culture supernatant. Then, NL63-S-IgG was incubated with cells expressing either
hAPN/CD13 or ACE2 followed by staining with specific antibodies directed against the
respective receptor protein to quantify receptor expression levels and an anti-human Fc
antibody to detect the bound IgG fusion protein. Hereby, we demonstrated that NL63-S
in contrast to 229E-S does not react with hAPN/CD13, but like SARS-CoV-S directly
binds to ACE2. Finally, we analyzed the NL63-S interaction with ACE2 by employing
ACEl or ACE2 specific polyclonal antisera. Only the ACE2 serum interfered with
infection by NL63-S-bearing lentiviral pseudotypes and replication-competent hCoV-
NL63, thus confirming that ACE2 is a receptor for hCoV-NL63.
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3. MAPPING OF THE ACE2-INTERACTION DOMAIN IN NL63-S
3.1. Role of the Unique Domain in NL63-S

As mentioned above, the S-proteins of hCoV-229E and hCoV-NL63 share an overall
amino acid identity of more than 50%. However, hCoV-NL63 S harbors a 178 amino
acid N-terminal extension that is not present in 229E-S or any other known protein and
that is therefore designated “unique domain”." In order to investigate if the unique region
is involved in ACE2 binding, we first analyzed binding of the isolated domain to ACE2
expressing cells in a FACS based binding assay. However, the unique domain alone did
not show any interaction with ACE2, indicating that it does not serve as an independent
receptor binding domain. Because it is possible that the unique domain might confer
ACE2-binding together with other sequences in the S1-domain of hCoV-NL63 and
possibly hCoV-229E, we constructed a chimeric mutant comprising the N-terminal 178
amino acids of NL63-S fused to the S1 subunit of 229E. This mutant, however, showed
no ACE2-interaction, but bound to hAPN/CD13 as efficient as the wildtype protein,
indicating that the unique domain does not interfere with hAPN/CD13 recognition and
does not allow binding to ACE2. When the unique domain was removed from NL63-S,
the remaining protein still bound ACE2 and showed no affinity for hAPN/CDI3,
confirming that the unique region is dispensable for ACE2 binding. In summary, these
observations indicate that amino acids in the highly conserved S1 regions of NL63- and
229E-S confer specificity for the interaction with ACE2 and hAPN/CD13, respectively.

3.2. Analysis of hCoV-NL63-S1 Deletion Mutants and Chimeric hCoVNL63-229E-S
Variants

In order to map which region in the NL63 Sl1-protein is responsible for targeting
ACE2, we analyzed a panel of N-terminal S1-deletion mutants. By this, we were able to
narrow down the ACE2 interaction domain in NL63-S to amino acids 232 to 741. In
parallel, we constructed chimeric S1-proteins comprising defined regions of NL63-S
fused to complementary domains within 229E-S and analyzed them for hAPN/CD13 and
ACE2 interactions. We found that several sequence elements in the center and C-
terminus of the proteins can impact receptor binding, suggesting that some of these
mutations might interfere with the integrity of the possibly complex three-dimensional
structure of the proteins and thus with their capacity to recognize receptors. Our
observations are in agreement with a model suggesting that the central region in the
hCoV229E-S and possibly NL63-S proteins might determine the correct folding or
orientation of a C-terminal receptor binding domain, as has been suggested previously for
hCoV-229E-S."'® Taken together, a detailed point mutagenesis of NL63-S1 will be
required to identify residues with a critical function in ACE2 interaction.
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4. DISCUSSION AND OUTLOOK

We were able to show that the SARS-CoV receptor ACE2 is used by the recently
identified hCoV-NL63 for entry into target cells. Simultaneously, the same observation
was reported by Smith and colleagues (M.K. Smith, et al., chapter 4.13). The interaction
of NL63-S with ACE2 was unexpected, as NL63-S and SARS-CoV-S share no
significant amino acid homology. In contrast, NL63-S is highly related to the
glycoprotein of hCoV-229E, which binds hAPN/CD13, and the hAPN/CD13 interaction
domain is well conserved in NL63-S. The most striking difference between the S-proteins
of hCoV-NL63 and -229E is a 178 amino acid extension that is exclusively present in
NL63-S. This unique domain, however, is dispensable for ACE2-interaction; thus, amino
acids in the highly conserved central portions and C-termini within the S-proteins of
hCoV-229E and hCoV-NL63 determine the recognition of their respective receptors.
Therefore, detailed point mutagenesis in combination with the determination of the three-
dimensional structure of both S-proteins is required to identify amino acids that mediate
receptor binding. These data in turn will help to develop specific small molecule
inhibitors against NL63-S—mediated infection.
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