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DPP4 was considered a canonical receptor for merbecoviruses until the recent discovery
of African bat-borne MERS-related coronaviruses using ACE2. The extent and diversity
with which merbecoviruses engage ACE2 and their receptor species tropism remain
unknown. Here, we reveal that HKUS5 enters host cells utilizing Pipistrellus abramus (P.abr)
and several non-bat mammalian ACE2s through a binding mode distinct from that of any
other known ACE2-using coronaviruses. These results show that several merbecovirus
clades independently evolved ACE2 utilization, which appears to be a broadly shared
property among these pathogens, through an extraordinary diversity of ACE2 recognition
modes. We show that MERS-CoV and HKU5 have markedly distinct antigenicity, due to
extensive genetic divergence, and identified several HKUS5 inhibitors, including two clinical
compounds. Our findings profoundly alter our understanding of coronavirus evolution and
pave the way for developing countermeasures against viruses poised for human
emergence.

Introduction

Coronaviruses comprise a large group of pathogens circulating in mammalian and avian
hosts. 229E, NL63, HKU1, and OC43 are endemic in the human population. SARS-CoV-1 caused
an epidemic in 2002-2004 with an approximately 8% fatality rate’?. MERS-CoV is highly lethal,
with a 36% case fatality rate, and has been circulating sporadically since its discovery in 20123
whereas SARS-CoV-2 is responsible for the COVID-19 pandemic®’ with recurrent waves
sweeping through the population®®. SARS-CoV-1 and SARS-CoV-2 (Sarbecovirus subgenus)
originated in bats'®"* and might have been transmitted to humans through intermediate hosts'>"
7. MERS-CoV (Merbecovirus subgenus) possibly originated in bats although spillovers occurred
repeatedly from camels®'®??, emphasizing the zoonotic threat of these coronaviruses.
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The spike glycoprotein (S) is anchored in the viral membrane and required for cellular
entry. S comprises an N-terminal S; subunit (receptor-binding) and a C-terminal Sz subunit
(membrane fusion)**%° and is a main target of neutralizing antibodies, a correlate of protection
against coronaviruses®®'. Host protease-mediated S cleavage occurs at the S4/S; junction for
many coronaviruses, yielding non-covalently linked S1 and S; subunits in the prefusion S trimer,
and at the Sy’ site (adjacent to the fusion peptide) for all coronaviruses, leading to large-scale
fusogenic conformational changes®*%. Coronavirus invasion of target cells thus requires the
concerted action of receptor-binding and proteolytic S processing to lead to productive infection
and both factors modulate the ability of coronaviruses to cross-species barrier.

Our ability to prepare for zoonotic spillovers is undermined by the knowledge gap between
metagenomics discovery of a large number of coronaviruses and our understanding of the
likelihood of their spillover to the human population. This is compounded by the ability of
coronaviruses to undergo extensive antigenic changes and recombinations which can alter host
receptor tropism through ortholog adaptation or receptor switch. For instance, N501Y-harboring
SARS-CoV-2 variants acquired the ability to use mouse ACE2** which was further enhanced with
the addition of the Q493R mutation®3°. Furthermore, a recombination event in the merbecovirus
S glycoprotein led to an unexpected receptor switch with MERS-CoV and HKU4 utilizing DPP43¢-
% whereas a few African bat-borne merbecoviruses use ACE2***°, However, the extent of and
diversity with which merbecoviruses engage ACE2 and their host receptor tropism remain poorly
understood.

Here, we show that the HKUS clade of merbecoviruses, which was first described in 2006
in Pipistrellus abramus®’ (P.abr), can unexpectedly use ACE2 from P.abr and from several
Artiodactyl species for cell entry. We determined a cryo-electron microscopy structure of the
HKUS5 receptor-binding domain (RBD) complexed with P.abr ACE2, revealing a binding mode
distinct from that of any other known ACEZ2-using coronaviruses, and identified the molecular
determinants of receptor species tropism. We show that although MERS-CoV infection-elicited
polyclonal plasma antibodies exhibit very weak to no HKUS cross-neutralization, several broad-
spectrum coronavirus inhibitors (including two clinical compounds) block HKU5S propagation in
human cells. Our findings unveil that the HKUS clade of merbecovirus independently evolved
ACE2 utilization, underscoring the extraordinary diversity of ACE2 recognition modes among
coronaviruses, and paving the way for developing HKU5 countermeasures against a clade of
pathogen poised for human spillover.

Results
HKUS5 utilizes ACE2 as entry receptor

Merbecoviruses comprise a large diversity of pathogens found in humans, bats, camels,
pangolins and hedgehogs'#5'8-223742  phylogenetic classification based on their S receptor-
binding domain (RBD) amino acid sequences delineates at least six merbecovirus clades (Fig
1A), many of which do not have a confirmed host receptor. To investigate the receptor usage of
the HKU5 merbecovirus clade, we evaluated binding of a dimeric HKU5-19s RBD N-terminally
fused to a human Fc fragment (RBD-hFc) to the surface of HEK293T cells transiently transfected
with a panel of 117 mammalian ACE2 orthologs across the phylogeny (Fig 1B). Although we only
detected binding to P.abr ACE2 among the panel of 62 bat orthologs tested, the HKU5-19s RBD
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also bound to several non-bat mammalian ACE2s, including Bos taurus (B.tau), Ovis aries (O.ari),
Bos mutus (B.mut), Odocoileus virginianus texanus (O.vir), Mustela erminea (M.erm), and
Bubalus bubalis (B.bub) ACE2s (Fig 1C-D and Fig S1A-B). Furthermore, we observed efficient
entry of vesicular stomatitis virus (VSV) pseudotyped with HKU5-19s S into HEK293T cells upon
transfection with P.abr, B.tau, O.ari, B.mut, O.vir, M.erm, B.bub ACE2s as well as with the R.nor
ACE2 (Fig 1C-D and Fig S1C-D). The observation of pseudovirus entry mediated by R.nor ACE2
for which no HKU5-19s RBD binding was detected likely results from avidity due to multivalent
presentation of S trimers on pseudoviruses along with the use of trypsin to enhance pseudovirus
entry®¥4344 Caco-2 cells stably expressing P.abr ACE2 (Caco-2/P.abr ACE2) enabled robust
propagation of both a propagation-competent recombinant VSV encoding HKU5-19s instead of
VSV-G (psVSV-HKU5-19s) and authentic HKU5-1, lending further support to the P.abr ACE2
receptor function (Fig 1E-F). Addition of exogenous trypsin promoted detectable (albeit weak)
replication in human Caco-2 cells of authentic HKU5-1%°, in line with prior data*®. These findings
indicate that HKUS utilizes its native bat host ACE2 as entry receptor, concurring with a recent
report*’, along with several non-bat mammalian ACE2s from the Artiodactyl, Carnivore and
Rodent orders.
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detected. (B) Phylogenetic trees of bat (top) or non-bat (bottom) mammalian ACE2 orthologs
based on amino acid sequences, with genera and orders indicated for the bat or non-bat
mammalian species, respectively. (C-D) Binding of the HKU5-19s RBD-hFc to and entry of
HKUS5-19s S VSV pseudovirus into HEK293T cells transiently transfected with the indicated bat
(C) or non-bat (D) mammalian ACE2 orthologs. Abbr: abbreviations used for species names. (E-
F) Propagation of psVSV-HKUS5-19s (E) and authentic HKU5-1 (F) in wildtype human Caco-2
cells or Caco-2 cells with stable expression of either human or P.abr ACE2. The propagation of
psVSV-HKU5-19s was examined by the expression of the GFP reporter gene at 24 hours post-
infection (hpi). The propagation of authentic HKU5-1 was detected by immunofluorescence with
an anti-HKU5 N antibody at 24 hpi. The trypsin concentration used is indicated. ACE2 expression
was confirmed by immunofluorescence using C-terminal-fused FLAG tags. Scale bars: 200 pm.
Mean values are shown in C and D with n=3 biological replicates.

Molecular basis of HKU5 recognition of ACE2

To understand HKU5 engagement of its host receptor, we characterized the HKU5-19s
RBD in complex with a P.abr ACE2 ectodomain construct comprising the peptidase and the
dimerization domains using cryoEM. Data processing revealed a predominance of a monomeric
form of ACE2 (accounting for 99% of particles in selected 2D class averages despite the presence
of the native dimerization domain) which led us to determine an asymmetric 3D reconstruction
focused on the ACE2 peptidase domain and bound RBD at 3.1 A resolution (Fig 2, Fig S2 and
Table 1). The HKU5 RBD binds to the P.abr ACE2 peptidase domain and buries a surface of
~950 A? from each of the two binding partners through interactions dominated by hydrogen
bonding and shape complementarity.

The HKU5 receptor-binding motif (RBM) folds as a compact four-stranded antiparallel -
sheet flanked by short a-helices on both sides and forms two consecutive insertions in the five-
stranded antiparallel RBD core 3-sheet (Fig 2A). Specifically, HKUS residues D460, M461, Y464,
E472, 1473, Y508, T510, E511, Y513, T515, S516, A517, Y518, G519, K520, Y522, K544, Y545,
Q546, S547, G551, T556, Y558 and Y560 form the RBM which interacts with ACE2 residues R26,
L29, V30, N33, H34, E37, N38, H41, D90, 192, 193, Q96, M322, T323, P324, G325, W327, R328,
D329, K352, N353, D354, R356, A385, N386, Q387, S388 and R392. The P.abr ACE2 a-helix
323-330 docks against the HKU5 RBM and forms a constellation of interactions, including
R328p abrace2 forming polar interactions with the Y5084kus, Y558+kus and D460wkus side chains
along with pi-stacking interactions with the Y560nkus side chain and D329p anace2 forming a salt
bridge and a hydrogen bond with K5444kus and Y5584kus, respectively (Fig 2B). Furthermore,
N38p.abrace2 and K352p anace2 are hydrogen-bonded to the S547pkus side chain hydroxyl,
K352p anrace2 is hydrogen-bonded to the Y545ukus and the T510ukus backbone carbonyls (Fig 2C).
At the tip of the RBM, Y518kus is hydrogen-bonded to R26p avrace2 and D90p anrace2 Whereas
K520hkus forms polar interactions with the N386p abrace2 side chain and backbone carbonyl along
with the A385p anrace2 backbone carbonyl (Fig 2C).

Comparison of the structures of the P.abr ACE2-bound HKU5 RBD, Pipistrellus pipistrellus
(P.pip) ACE2-bound NeoCoV RBD*, hDDP4-bound MERS-CoV RBD**°, and hDDP4-bound
HKU43% RBD shows that HKU5, MERS-CoV and HKU4 utilize the same side of the RBM B-sheet
to engage their cognate receptors (Figure S3). Conversely, NeoCoV recognizes ACE2 via the tip
of the RBM, including the distal B-hairpins, which are shorter for NeoCoV and HKUS5 relative to
MERS-CoV and HKU4 (Figure S3). In spite of a conserved overall architecture of the RBMs of
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these four viruses, their fine molecular differences mediate the three observed binding modes:
HKU5 and ACE2, NeoCoV and ACE2 as well as MERS-CoV/HKU4 and DPPA4.

Analysis of amino acid residue conservation reveals a marked RBM sequence diversity
among HKUS isolates (Fig 2D), possibly impacting receptor engagement. To understand the
impact of RBM residue polymorphism on receptor recognition, we assessed binding of the
aforementioned P.abr ACE2 ectodomain construct to two distinct HKU5 RBD isolates using
biolayer interferometry (BLI). We selected the HKU5-19s and HKU5-33s, which differ at positions
Drkus-190s460SHkus-33s,  YHkU5-10sD08HHkus-33s, THkUs-19s515FHkus-33s,  Shkus-19s916THkus-33s, Krkus-
196944 Dhkus-33s, YHkus-10s945RHKuUs-33s and Y hkus-19s958SHkus-33s, due to the large number of residue
substitutions. Furthermore, HKUS-33s harbors two short insertions between residues 549 and
550 (QELP) and between residues 552 and 553 (F) of the HKU5-19s RBD (Fig 2E). We observed
that P.abr ACE2 bound with an approximately 2-fold enhanced affinity to the HKU5-19s RBD,
relative to the HKU5-33s RBD, mostly driven by slower off-rates (Fig 2F-G and Figure S4). These
findings indicate that the extensive RBM polymorphism among HKUS5 isolates modulates receptor
binding affinity and possibly antigenicity, as observed with SARS-CoV-2 variants3®°0-%¢,
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Figure 2. Molecular basis of HKU5 recognition of the P. abramus ACE2 receptor.

(A) Ribbon diagrams in two orthogonal orientations of the cryoEM structure of the HKU5-19s RBD
(light blue) bound to the P. abramus ACE2 peptidase domain (green) at 3.1A resolution. (B-C)
Zoomed-in views of the interface highlighting key interactions between the HKU5-19s RBD and
P. abramus ACEZ2. Selected polar interactions are shown as black dotted lines. (D) Polymorphism
of ACE2-interacting residues (RBM) among HKU5 isolates shown as logoplot. (E) RBM amino
acid sequence alignment of the HKU5-19s and HKU5-33s isolates. Conserved residues are
rendered with a white font over a red background whereas non-conserved residues are rendered
with a red font on a white background. The residue numbering corresponds to HKU5-19s. HKU5-
33s insertions are shown as black dots. The blue lines indicate residues outside the RBM shown
for visualization purposes around the HKU5-33s insertions. (F-G) Biolayer interferometry
analysis of the P.abr ACE2 ectodomain binding to the HKU5-19s and HKUS5-33s RBDs
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immobilized on biolayer interferometry streptavidin (SA) biosensors. Binding avidities were
determined by steady state kinetics and are reported as apparent affinities (Ko, app) due to avidity.

Determinants of ACE2 species tropism

To functionally validate the role of the ACE2-interacting residues identified in our cryoEM
structure, we evaluated binding of P.abr ACE2 to HKU5-19s RBD point mutants each harboring
a residue substitution designed to interfere with receptor engagement. Using BLI, we observed
that the HKU5-19s Y464A, Y558A, A517R and G519W substitutions abrogated binding entirely
whereas the Y518A substitution did so almost completely (Fig 3A). Furthermore, the K520G and
Y545G RBD mutations also disrupted P.abr ACE2 binding in the HKU5-19s RBD background
(Fig 3A), possibly reducing receptor binding affinity for the HKU5 isolates in which these changes
naturally occur although epistasis may modulate this effect®’. Consistently, the HKU5-19s Y464A,
A517R, Y518G, G519W, K520G, Y545G, and Y558G RBD mutants were impaired in their ability
to bind P.abr ACE2 transiently expressed in HEK293T cells. Moreover, HKU5-19s S VSV
pseudovirus harboring the Y464A, A517R, K520G, or Y558G substitutions exhibited the most
significant reduction of entry into HEK293T cells transiently expressing P.abr ACE2 (Fig 3B-C).

Assessment of the impact of mutations of key P.abr ACE2 residues contacting the HKU5
RBD further supported these findings: the P324G, R328N (glycan knockin), D329A and
R328A/D329A substitutions dampened HKU5-19s binding to and pseudovirus entry in HEK293T
cells transiently transfected with these P.abr ACE2 mutants (Fig 3D,F). Given that several HKU5-
interacting P.abr ACE2 residues are conserved or conservatively substituted in human ACE2
(hACEZ2, Table 2), we set out to determine the molecular determinants of the lack of efficient
hACE2 binding and utilization (Fig 1E-F). Concurring with the central role of the P.abr ACE2 R328
and D329 residues, we found that a hACE2 double mutant harboring these residues
(E329R/N330D) promoted detectable but weak HKU5-19s S pseudovirus entry into cells (Fig
3E,G). A hACE2 triple mutant harboring the E329R/N330D substitutions along with N322Y,
Q325P or G354R promoted robust HKU5-19s S pseudovirus entry along with detectable binding
of the RBD-Fc constructs except for the E329R/N330D/G354R (Fig 3E,G). Although the
N321p.anrace2 glycosylation sequon is conserved relative to hACE2 (equivalent to N322pace2), no
evidence of glycosylation could be detected in the HKU5 RBD/P.abr ACE2 complex cryoEM map
(as is the case for P.abr ACE2 N38). The positioning of the N322nace2 oligosaccharide in SARS-
CoV-2 RBD/hACE2 structures®*” suggests that it could disrupt HKU5 RBD binding, thereby
explaining the improved hACE2 usage resulting from the N322Y substitution in a E329R/N330D
background (Fig 3F-G). Unlike HKU5-19s, the HKU5-1 RBD-hFc did not bind M.erm ACE2, likely
due to differences at RBD position 472: E4721kus-19s may form a salt bridge with R354w ermace2
whereas A472ukus-1 could not form such contacts (Fig 3H). The R354N or R354G mutation
significantly reduced HKU5-19s RBD-hFc binding efficiency to M.erm ACEZ2, highlighting the
importance of the residue at position 354nacezmermace2 (equivalent to 353p.abrace2) for tropism
determination (Fig 3F).

Overall, we identified and validated the functional impact of four determinants of receptor
species tropism, all of which are situated in the HKU5-binding footprint, along with preferred amino
acid residue for each of them (Fig 3I-J). These include P.abr ACE2 positions (i) 321 where a
tyrosine is preferred (disrupting an N-linked glycosylation sequon), (ii) 324 where a proline is
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preferred, (iii) 328-329 where arginine and aspartate residues are preferred, respectively, and (iv)
353 where an asparagine or arginine is preferred by HKU5-19s.
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Figure 3. HKU5 molecular determinants of ACE2 host species tropism. A, Binding of the
P.abr ACE2 construct comprising the peptidase and the dimerization domains (residues 20-724)
to the wildtype (WT) HKU5-19s and to the listed RBD interface mutants immobilized on biolayer
interferometry streptavidin (SA) biosensors. B-C, RBD-hFc binding (B) and pseudovirus entry (C)
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efficiencies of HKU5-19s mutants in HEK293T cells transiently expressing P.abr ACE2. The entry
efficiency of wildtype HKU5-19s S VSV pseudovirus was set as 100%. D-E, HKU5-19s and HKU5-
1 RBD-hFc binding to HEK293T cells transiently expressing the indicated P.abr ACE2 or hACE2
mutants assessed by immunofluorescence. F-G, HKU5-19s S VSV pseudovirus entry into
HEK293T cells transiently expressing the indicated ACE2 mutants. H, HKU5-19s and HKU5-1
RBD-hFc binding to HEK293T cells transiently expressing wildtype and mutants M.erm ACEZ2. I,
Summary of ACEZ2 residues governing species tropism for HKU5-19s. Favorable and unfavorable
residues in ACE2 orthologs are highlighted in blue and red, respectively, using P.abr ACE2
residue numbering. (+): functional; (-): non-functional. J, Summary of the critical determinants of
HKUS5-19s receptor recognition. Key residues mentioned in J are highlighted in navy color on the
P.abr ACE2 structure rendered as a grey surface. The rest of the HKU5-19s RBD footprint is
shown in cyan. Data are shown as the MEAN * SD of 3 biological replicates for C, F, and G.
Statistical analyses used unpaired two-tailed t-tests: *: p < 0.05,**: p < 0.01, ***: p < 0.005, and
**** p <0.001, NS: not-significant. Data representative of two independent experiments for F and
G, and a single experiment for C. Scale bars: 100 pym.

Identification of HKU5 countermeasures

To understand antigenic relationships among merbecoviruses, we assessed the ability of
MERS-CoV infection-elicited human antibodies to inhibit HKU5-19s S VSV pseudovirus entry into
HEK293T cells transiently transfected with P.abr ACE2. We used plasma collected from
individuals who were hospitalized with MERS-CoV infection (prior to the COVID-19 pandemic)
and selected samples at time points corresponding to peak neutralization titers against MERS-
CoV EMC/2012% (Table 3). Neutralizing activity (reaching at least 50% inhibition of entry at 1/10
plasma dilution) was detected for three (15, 16 and 24) out of 28 plasma samples evaluated (Fig
4A and Fig S5). The rare and very weak HKU5 cross-neutralization mediated by MERS-CoV-
elicited polyclonal plasma antibodies underscores the genetic and antigenic distance of the S and
RBD of these two viruses, sharing approximately 65% and 50% amino acid sequence identity,
respectively. However, broadly neutralizing monoclonal antibodies targeting the fusion machinery
(S2 subunit) stem helix**° (S2P6 and B6) or the fusion peptide/S;’ cleavage site®'®? (76E1)
inhibited authentic HKU5-1 propagation in Caco-2/P.abr ACE2 cells (Fig 4B) and HKU5-19s S
VSV pseudovirus (Fig S5), consistent with the high degree of conservation of the targeted
epitopes.

We subsequently screened a panel of small molecule inhibitors to evaluate their ability to
block propagation of authentic HKU5-1 in Caco-2/P.abr ACE2 cells. Camostat, which inhibits
TMPRSS?2 and related serine proteases®*®*, but not the E64d cysteine protease (cathepsin B/L)
inhibitor, abrogated HKU5-1 propagation at a concentration of 10 uM (Fig 4C). Bafilomycin A1,
which hinders endosomal acidification®®, also inhibited HKU5-1 at a concentration of 1 uM (Fig
4C). These findings suggest that HKU5-1 can infect Caco-2/P.abr ACE2 cells via TMPRSS2-
mediated plasma membrane fusion and via endosomal fusion, the latter process relying on non-
cysteine proteases, possibly aspartyl or serine proteases. The involvement of TMPRSS2 and
related TMPRSS proteases in HKUS-1 entry into Caco-2/P.abr ACE2 cells is consistent with the
presence of a polybasic cleavage site at the Si/S: junction (Rz42VRR745, HKUS-1 residue
numbering), resulting in cleavage of the S trimers incorporated in pseudovirus during biogenesis
(Fig S6), which was previously described to lead to plasma membrane fusion for MERS-CoV®¢¢,
Conversely, the inability of E64d to reduce HKU5-1 infection of Caco-2 cells is likely explained by
the suboptimal endosomal cysteine protease site (N7s0FTS7e3), which introduces an N-linked
glycosylation sequon*®®3%_ We note that the S1/S; junction polymorphism among HKUS5 isolates
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impacts S processing during biogenesis (Fig S$6), which could modulate the relative potency of
each of these inhibitors. We also found that the OC43 HR2-derived EK1C4 lipopeptide fusion
inhibitor’®”", which interferes with S fusogenic conformational changes, and remdesevir’?’, the
inhibitor of coronavirus RNA-dependent RNA polymerase’™, inhibited HKU5-1 propagation at a
concentration of 1 yM and 10 uM, respectively (Fig 4C). These findings indicate that inhibitors
targeting host proteases mediating S proteolytic activation, such as TMPRSS2, or conserved
coronavirus target sites, such as the S fusion machinery or viral polymerase, are promising
candidates for pandemic preparedness against HKU5 and other coronaviruses.
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Figure 4. Identification of countermeasures against HKU5 merbecoviruses.

A, Neutralization of HKU5-19s S VSV pseudovirus mediated by a panel of MERS-CoV infection-
elicited human plasma®. Bars represent the mean of three biological replicates with SD and data
points correspond to the mean of two technical replicates within each biological replicate carried
out with distinct batches of pseudoviruses. B-C, Evaluation of inhibition of authentic HKU5-1
propagation in Caco-2 cells stably expressing P.abr ACE2 by the indicated concentration of
broadly neutralizing antibodies (B) or small molecule inhibitors (C). HKU5-1 was detected by
immunofluorescence using an anti-HKU5 N antibody at 24 hpi. Scale bars: 200 ym.
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Figure 5. Coronaviruses have evolved ACE2 utilization at least five times independently.
(A) RBD footprints of ACE2-using coronaviruses on their cognate receptors. (B) Comparison of
the binding modes of the SARS-CoV-2 (PDB 7TNO0)**, NL63 (PDB 3KBH)’®>, HKU5 RBDs,
NeoCoV (PDB 7WPO0)* and MOW15-22 (PDB 9C60)* to bat ACE2 (not shown for clarity) or
hACE2 (PDB 6M1D, BOAT1 not shown for clarity)’®.

Discussion

Phylogenetic classification of merbecovirus RBDs underscores the exceptional diversity
of these pathogens harboring RBDs sharing as little as 30% amino acid sequence identity which
cluster in at least six clades. The identification of DPP4 as the host receptor for members of the
MERS-CoV clade upon its emergence in 2012%° and subsequently for members of the HKU4
clade®*"" led to the assumption that DPP4 is a universal receptor for merbecoviruses. The
discovery of bat-borne merbecoviruses in Africa utilizing a broad spectrum of ACE2 orthologs>®4°
indicated that receptor diversity was greater than previously appreciated for these viruses. The
discovery that viruses from the HKU5 clade and the MOW15-22 clade** use the ACE2 receptor
profoundly alters our understanding of merbecovirus evolution and shows that ACE2 usage is a
broadly shared property among several clades. Furthermore, the structural specialization of the
RBM within each clade along with the entirely distinct ACE2 binding modes lead to recognition of
receptor regions located up to 50A apart. These findings indicate that ACE2 utilization has been
independently acquired at least three times among merbecoviruses (NeoCoV/PDF-2180,
MOW15-22/PnNL2018B, HKU5) and at least twice among other coronaviruses (SARS-CoV-
1/SARS-CoV-2%°""8 and NL63"°, Fig 5). We note that utilization of amino-peptidase N among a
large set of coronaviruses also results from at least three convergent evolution events for
TGEV/CCoV-HuPn-2018798° PDCoV?' and 229E®. Recurrent coronavirus convergence to use a
small number of host transmembrane protease receptors, for which the proteolytic activity does
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not participate in entry, might result from specific size and geometrical requirements for infection
or of the clustering of receptors in specialized membrane patches*.

Given that the RBD is the main target of coronavirus neutralizing antibodies
rare and weak cross-neutralization of HKU5 observed with MERS-CoV infection-elicited
polyclonal plasma antibodies concurs with the extensive genetic divergence among merbecovirus
RBD clades. These findings are reminiscent of the weak cross-clade neutralization observed for
sarbecoviruses®*®® which harbor RBDs much more similar to each other than merbecovirus
RBDs. As a result, the development of vaccines with pan-merbecovirus neutralizing activity may
prove to be exceptionally challenging®#®®. However, our data suggest that rare monoclonal
antibodies with broadly neutralizing merbecovirus activity were present in the plasma of a few
subjects in the cohort analyzed, explaining the detectable (albeit weak) cross-neutralization and
motivating future isolation and characterization of these antibodies. We hypothesize that these
rare antibodies may target conserved core RBD antigenic sites or conserved fusion machinery
epitopessg,60,62,87-90_

Although we could not detect hACE2-mediated HKUS RBD binding or S VSV pseudovirus
entry, exogenous trypsin addition enabled weak propagation of authentic HKU5-1 in Caco-2
human cells, in line with a previous study*®. Given the extensive RBM polymorphism observed in
the HKUS5 clade, possibly resulting from immune pressure in the reservoir host, and our limited
understanding of the genetic diversity of these viruses (due to sparse sampling of merbecoviruses
in bats), HKU5 may acquire more efficient hACE2 usage and constitute a zoonotic threat due to
the lack of merbecovirus immunity in the human population. We provide a blueprint for monitoring
HKUS5 residue substitutions at the interface with the molecular determinants of ACE2 species
tropism delineated here to detect possible future HKU5 adaptations to the human receptor. The
identification of several inhibitors of HKU5-1 propagation in human cells, including camostat (a
clinical inhibitor of host serine proteases) and remdesevir (an FDA-approved inhibitor of
coronavirus RNA-dependent RNA polymerase), suggests that these compounds could be used
in case of possible future outbreaks.

26,30,58,83
, the
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Methods

Cells

Cell lines used in this study were DH10B competent cells (Thermo Fisher Scientific), HEK293T
(ATCC, CRL-11268), and Caco-2 (HTB-37). HEK293T and Caco-2 cells were cultured in 10%
FBS (Fisher Scientific-Cytiva), 1% penicillin-streptomycin (Thermo Fisher Scientific) DMEM at
37°C, 5% CO.. I1-Hybridoma cell line producing a neutralizing antibody targeting the VSV
glycoprotein (VSV-G) was cultured in Minimum Essential Medium (MEM) with Earles's balanced
salts, 2.0 mM of L-glutamine (Gibico), and 10% FBS. HEK293T or Caco-2 stable cell lines
overexpressing various receptors were generated using lentivirus transduction and selected and
maintained in the growth medium with puromycin (1 ug/ml).

Construct design

The wildtype P.abr (Pipistrellus abramus) ACE2 ectodomain encoding residues 18-724
(ACT66266.1) was inserted after the N-terminal signal peptide
MPMGSLQPLATLYLLGMLVASVLA and C-terminally fused to a thrombin cleavage site followed
by a SSGGS linker, an avi tag, a GGS short linker and an octa-histidine tag for affinity purification..
The HKU5-19s wildtype (AGP04932.1) spike RBD encoding residues 390-587 and the Y558A,
K520G, Y518A, Y464A, Y545G, G519W, A517R receptor-interface mutants, contain the N-
terminal signal peptide MGILPSPGMPALLSLVSLLSVLLMGCVAETGT, followed by a thrombin
cleavage site, a SSGGS flexible linker, an avi tag, a GGS flexible linker and a C-terminal octa-
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histidine tag. HKU5-33s wildtype (AGP04943.1) spike RBD encoding residues 390-592 contain
the N-terminal signal peptide MGILPSPGMPALLSLVSLLSVLLMGCVAETGT, followed by a
thrombin cleavage site, an avi tag, a short GGS flexible linker and a C-terminal octa-histidine tag.
All the above genes were codon-optimized for expression in mammalian cells, synthesized, and
inserted in the pcDNA3.1(+) by Genscript. Plasmids expressing wild-type (WT) or mutated bat
and non-bat mammalian ACE2 orthologs were constructed by inserting human codon-optimized
sequences with/without specific mutations into a lentiviral transfer vector (pLVX-EF1a-Puro,
Genewiz) with C-terminus 3xFLAG tags (DYKDHD-G-DYKDHD-I-DYKDDDDK) and single FLAG
tag (DYKDDDDK) for non-bat mammalian ACE2 orthologs. For pseudovirus production, human
codon-optimized spike sequences of HKU5-19s (AGP04932.1), HKU5-1 (YP_001039962) fused
C-terminal HA tag (YPYDVPDYA) were cloned into the pCAGGS vector with C-terminal deletions
(residues 13-15) for improving the pseudovirus assembly efficiency®’. The DNA fragments for
cloning ACE2 chimera or RBD mutants were generated by overlap extension PCR or gene
synthesis and verified by commercial DNA sequencing. For the expression of recombinant CoVs
RBD-hFc fusion proteins, plasmids were constructed by inserting HKU5-19s RBD (residues 385-
586), HKU5-1 RBD (residues 385-586), coding sequences into the pCAGGS vector containing an
N-terminal CD5 secretion signal peptide (MPMGSLQPLATLYLLGMLVASVL) and C-terminal hFc-
twin-strep-3xFLAG tag
(WSHPQFEKGGGSGGGSGGSAWSHPQFEKGGGRSDYKDHDGDYKDHDIDYKDDDDK)  for
purification and detection. Heavy chain and light chain genes encoding 76E1 IgG were inserted
into pcDNA3.1(+) plasmid.

Recombinant protein production

The P. abramus ACE2 ectodomain, the wildtype HKU5-19s and HKU5-33s RBDs along
with HKU5-19s interface point mutants were expressed in Expi293F cells (Thermo) maintained at
37°C and 8% CO.. Cells were transfected using Expifectamine293 (Thermo) following the
manufacturer's protocol. Four to five days post-transfection, Expi293 cell supernatant was
clarified by centrifugation at 4,121g for 30 minutes. Supernatants were supplemented to a final
concentration of 100 mM Tris pH 8.0, and 300 mM NaCl before binding to Ni excel resin (Cytiva)
previously equilibrated in 100 mM Tris pH 8.0 or 100 mM Tris pH 7.4 and 300 mM NacCl. Nickel
resin was washed with 100mM Tris pH 8.0 or 100mM Tris pH 7.4, 300 mM NaCl, and 10mM
imidazole prior to elution with 100mM Tris pH 8.0 or 100mM Tris pH 7.4, 300 mM NaCl, and
300mM imidazole.

ACE2 ectodomains were concentrated using centrifugal filter devices with a MWCO of
30kDa and eluted on a Superdex200 increase 10/300 size-exclusion column (Cytiva) equilibrated
in 50mM Tris pH 7.4 and 150 mM NaCl and monodisperse fractions were pooled and used
immediately or flash frozen and stored at -80°C until use. For structural characterization, purified
HKU5-19s RBD was concentrated using a centrifugal filter device with a MWCO of 10kDa and
eluted on a Superdex200 increase 10/300 size-exclusion column (Cytiva) equilibrated in 50mM
Tris pH 7.4 and 150 mM NaCl and fractions containing monomeric RBD were used immediate or
flash frozen and stored at -80C until use.
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For BLI, purified RBDs were biotinylated using the BirA biotin-protein ligase reaction kit
(Avidity) after buffer exchanging into 50 mM Tris pH 7.4 and 150 mM NaCl using a centrifugal
filter device with a MWCO of 10kDa. Affinity purification as above-described was carried out a
second time to get rid of BirA and free biotin. Purified biotinylated HKU5-19s interface point mutant
RBDs were buffer exchanged into 50 mM Tris pH 7.4 and 150 mM NaCl and used immediately
or flash frozen. Purified biotinylated HKU5-19s and HKU5-33s RBD were concentrated using a
centrifugal filter device with a MWCO of 10kDa and run on a Superdex200 increase 10/300 size-
exclusion column (Cytiva) equilibrated in 50mM Tris pH 7.4 and 150 mM NaCl and fractions
containing monomeric RBD were flash frozen and stored at -80°C until use.

HEK293T cells were transfected with HKU5-19s WT or mutant RBD plasmids using
GeneTwin reagent (Biomed, TG101-01). Subsequently, the culture medium of the transfected
cells was replenished with the SMM 293-Tll Expression Medium (Sino Biological, M293TII) 4-6
hours post-transfection, and the protein-containing supernatant was collected every two days for
2-3 batches. Antibodies and recombinant RBD-hFc proteins were purified using Pierce Protein
A/G Plus Agarose (Thermo Scientific, 20424). In general, Fc-containing proteins were enriched
by the agarose, washed with wash buffer (100 mM Tris/HCI, pH 8.0, 150 mM NaCl, 1 mM EDTA),
eluted using the Glycine buffer (100 mM in H20, pH 3.0), and immediately neutralized with 1/10
volume of 1M Tris-HCI, pH 8.0 (15568025, Thermo Scientific). Proteins with twin-strep tag were
purified using Strep-Tactin XT 4Flow high-capacity resin (IBA, 2-5030-002), washed by wash
buffer (100 mM Tris/HCI, pH 8.0, 150 mM NaCl, 1 mM EDTA), and then eluted with buffer BXT
(100 mM Tris/HCI, pH 8.0, 150 mM NaCl, 1 mM EDTA, 50 mM biotin). All eluted proteins were
concentrated using Ultrafiltration tubes, buffer-changed to PBS, and stored at -80°C. Protein
concentrations were determined by the Omni-Easy Instant BCA Protein Assay Kit (Epizyme,
ZJ102) or BLI assays using Octet RED96 instrument (Molecular Devices).

To express the 76E1 monoclonal antibody, Expi293F cells were transiently
transfected with plasmids encoding for the IgG heavy and light chains (with an equal ratio
of each plasmid) using Expifectamine following the manufacturer's protocol. Four days
after transfection, Expi293F cell supernatant was clarified by centrifugation at 4,121xg for
30 minutes and diluted with 20mM phosphate pH 8.0 and 0.5 mM PMSF. Supernatant
was passed through a Protein A affinity column (Cytiva) twice before being washed with
20 mM phosphate pH 8.0. 76E1 was eluted with 100 mM citric acid pH 3.0 into tubes
containing 1M Tris pH 9.0 for immediate neutralization of the low pH used for elution.
Eluted 76E1 was buffer-exchanged into 20 mM phosphate buffer pH 8.0 and 100 mM
NaCl and the purity was confirmed by SDS-PAGE.

To express the B6 monoclonal antibody, ExpiCHO cells were transiently
transfected with plasmids encoding for the IgG heavy and light chains (with an equal ratio
of each plasmid) following the manufacturer's protocol using Expifectamine CHO. Eight
days after transfection, ExpiCHO cell supernatant was clarified by centrifugation at
3,500xg for 30 minutes then filtered via vacuum through a 0.2 ym aPES membrane,
supplemented with a buffer containing 500 mM sodium phosphate pH 8.0 to a final
concentration of 20 MM and PMSF added to a final concentration of 0.1 mM. Supernatant
was passed over a Protein A affinity column (Cytiva) twice before being washed with 20
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mM sodium phosphate pH 8.0. B6 was eluted with 100 mM citric acid pH 3.0 into tubes
containing 1M Tris pH 9.0 for immediate neutralization to a final pH of 8.0. The eluted B6
antibody was buffer-exchanged into 25 mM phosphate pH 8.0, 100 mM NaCl and purity
was confirmed by SDS-PAGE in both reducing and non-reducing conditions.

RBD-hFc live-cell binding assay

RBD-hFc live-cell binding assays were conducted following a previously described
protocol. The coronavirus RBD -hFc recombinant proteins were diluted in DMEM at 4 ug/mL and
incubated with HEK293T cells transiently expressing different ACE2 for 30 minutes at 37°C at 36
hours post-transfection. Subsequently, cells were washed once with Hanks' Balanced Salt
Solution (HBSS) and incubated with 1 pg/mL of Alexa Fluor 488-conjugated goat anti-human IgG
(Thermo Fisher Scientific; A11013) and Hoechst 33342 (1:10,000 dilution in HBSS) diluted in
HBSS/1% BSA for 1 hour at 37°C. After another round of washing with HBSS, the cells were
incubated with fresh HBSS. The images were captured using a fluorescence microscope (MI52-
N). The relative fluorescence intensities (RFUs) of the stained cells were determined by a
Varioskan LUX Multi-well Luminometer (Thermo Scientific).

Pseudovirus production and entry assays for receptor identification

VSV-dG-based pseudovirus (PSV) carrying trans-complementary S glycoproteins from
various coronaviruses were produced following a modified protocol as previously described.
Briefly, HEK293T cells were transfected with coronaviruses S glycoproteins expression plasmids.
At 24 hours post-transfection, cells were infected with 1.5x10° TCID50 VSV-G glycoprotein-
deficient VSV expressing GFP and firefly luciferase (VSV-dG-fLuc-GFP, constructed and
produced in-house) diluted in DMEM with 8 ug/mL polybrene and for 4-6 hours at 37 °C. After
three PBS washes, the culture medium was replenished with fresh DMEM or SMM 293-TlI
Expression Medium (Sino Biological, M293TIl), along with the presence of the neutralizing
antibody (from I1-mouse hybridoma) targeting the VSV-G to eliminate the background produced
by the remaining VSV-dG-fLuc-GFP. Twenty-four hours later, the pseudovirus containing
supernatant was clarified through centrifugation at 12,000 rpm for 5 minutes at 4°C, aliquoted, and
stored at -80°C. The TCIDs of the PSV was calculated using the Reed-Muench method®.

HEK293T or Caco-2 cells transiently or stably expressing the indicated ACE2 orthologues
were infected by the single-round pseudovirus. Approximately 3x10* trypsinized cells were
incubated with pseudovirus (2x10° TCID50/100 uL) in a 96-well plate to facilitate attachment and
viral entry simultaneously. Before inoculation, pseudoviruses were typically treated with 100
pug/mL TPCK-trypsin (Sigma-Aldrich, T8802). Specifically, pseudoviruses produced in serum-free
SMM 293-Tll Expression Medium were incubated with TPCK-treated trypsin for 10 minutes at
room temperature, and the proteolytic activity was neutralized by FBS in the culture medium. 11
Intracellular luciferase activity (Relative light units, RLU) was measured using the Bright-Glo
Luciferase Assay Kit (Promega, E2620) and detected with a GloMax 20/20 Luminometer
(Promega) or Varioskan LUX Multi-well Luminometer (Thermo Fisher Scientific) at 18 hours post-
infection.


https://doi.org/10.1101/2024.08.28.608351
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.28.608351; this version posted August 28, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Pseudovirus production and entry for neutralization assays

HKU5-19s S VSV pseudoviruses were produced using HEK293T cells seeded on BioCoat
Cell Culture Dish: poly-D-Lysine 100 mm (Corning). Cells were transfected with respective S
constructs using Lipofectamine 2000 (Life Technologies) in Opti-MEM transfection medium. After
5h of incubation at 37 °C with 5% CO,, cells were supplemented with DMEM containing 10% of
FBS. On the next day, cells were infected with VSV (G*AG-luciferase) for 2h, followed by five time
wash with DMEM medium before addition of anti-VSV G antibody (I1-mouse hybridoma
supernatant diluted 1:40, ATCC CRL-2700) and medium. After 18-24 h of incubation at 37 °C with
5% COz, pseudoviruses were collected and cell debris was removed by centrifugation at 3,000g
for 10 min. Pseudoviruses were further filtered using a 0.45 pm syringe filter and concentrated
10x prior to storage at -80°C.

For plasma and monoclonal antibody neutralization assay, HEK293T cells were
transfected with full-length P. abramus ACEZ2 using Lipofectamine 2000 (Life Technologies) in
Opti-MEM transfection medium. After 5h of incubation at 37 °C with 5% CO., cells were seeded
into 96-well plates precoated with poly-L-lysine solution (Sigma, P4707). The following day, a half-
area 96-well plate (Greiner) was prepared with 3-fold serial dilutions of each plasma (starting
dilutions of 1:10, 22uL in total per well) or of the B6 and 76E1 monoclonal antibodies (starting
dilutions of 500 pyg/mL). An equal volume of DMEM with diluted pseudoviruses was added to each
well. The pseudovirus was diluted to 1:15 to reach a target entry of ~10° relative luciferase units
(RLUSs). The mixture was incubated at room temperature for 45-60 minutes. 40 yL from each well
of the half-area 96-well plate containing sera and pseudovirus were transferred to the 96-well
plate seeded with cells and incubated for 1h. After 1h, an additional 40 yL of DMEM
supplemented with 20% FBS and 2% PenStrep was added to the cells. After 18—20h of incubation
at 37 °C with 5% CO2, 40 pL of One-Glo-EX substrate (Promega) was added to each well and
incubated on a plate shaker in the dark for 5 min before reading the luciferase signal using a
BioTek Neo2 plate reader. RLUs were plotted and normalized in Prism (GraphPad): 100%
neutralization being cells in the absence of pseudovirus and 0% neutralization being pseudovirus
entry into cells without plasma. Prism (GraphPad) nonlinear regression with “log[inhibitor] versus
normalized response with a variable slope” was used to fit the curve. The mean percent
pseudovirus entries at 1:10 sera dilution point are shown from the two biological replicates per
sample-pseudovirus pair. Demographics of the sera samples were previously described®.

Immunofluorescence assay

The expression levels of ACE2 orthologs with C-terminal fused FLAG tags were
determined through immunofluorescence assays. Specifically, the transfected cells were fixed
and permeabilized by incubation with 100% methanol for 10 minutes at room temperature.
Subsequently, the cells were incubated with a mouse antibody M2 (Sigma-Aldrich, F1804) diluted
in PBS/1% BSA for one hour at 37°C. After once PBS wash, the cells were incubated with Alexa
Fluor 594-conjugated goat anti-mouse IgG (Thermo Fisher Scientific, A32742) secondary
antibody diluted in 1% BSA/PBS for one hour at 37°C. The images were captured and merged
with a fluorescence microscope (Mshot, MI152-N) after the nucleus was stained blue with Hoechst
33342 reagent (1:5,000 dilution in PBS).
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Western blot

Western blot assays were conducted to examine the S glycoprotein proteolytic processing
and incorporation efficiency, the PSV-containing supernatant was concentrated using a 30%
sucrose cushion (30% sucrose, 15 mM Tris-HCI, 100 mM NaCl, 0.5 mM EDTA) at 20,000%g for
1 hour at 4°C. The concentrated virus pellet was resuspended in 1xSDS loading buffer and
incubated at 95°C for 30 minutes, followed by western blot detecting the S glycoproteins by C-
terminal HA tags and with the VSV-M serving as a loading control. The blots were then washed
three times by PBST and then visualized using an Omni-ECL Femto Light Chemiluminescence
Kit (EpiZyme, SQ201) by a ChemiDoc MP Imaging System (Bio-Rad).

Cryo-electron microscopy data collection, processing and model building

The P.abr ACE2 ectodomain-bound HKU5-19s (non-biotinylated) RBD complex was
prepared by mixing at 1:1.2 molar ratio followed by a 1 hour incubation at room temperature.
Specimen vitrification followed two methods. 3uL of 4mg/ml complex with 6 mM 3-[(3-
Cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate (CHAPSO) were applied
onto freshly glow discharged R 2/2 UltrAuFoil grids®® prior to plunge freezing using a vitrobot
MarklV (ThermoFisher Scientific) with a blot force of 0 and 5.5 sec blot time at 100% humidity
and 22°C. 3pL of 0.2 mg/mL complex without detergent was added to the glow discharged side
of R 2/2 UltrAuFoil grids and 1uL was added to the back side before plunging into liquid ethane
using a GP2 (Leica) with 6 sec blot time. The data were acquired using an FEI Titan Krios
transmission electron microscope operated at 300 kV and equipped with a Gatan K3 direct
detector and Gatan Quantum GIF energy filter, operated in zero-loss mode with a slit width of 20
eV. Automated data collection was carried out using Leginon® at a nominal magnification of
105,000% with a pixel size of 0.843 A. The dose rate was adjusted to 9 counts/pixel/s, and each
movie was acquired in counting mode fractionated in 100 frames of 40 ms. A total 11,223
micrographs were collected with a defocus range between -0.2 and -3 ym and stage tilt angle of
0°, 20°, 25° and 30°. Movie frame alignment, estimation of the microscope contrast-transfer
function parameters, particle picking, and extraction were carried out using Warp®. Particles were
extracted with a box size of 120 pixels with a pixel size of 1.686A. Two rounds of reference-free
2D classification were performed using cryoSPARC® to select well-defined particle images. Initial
model generation was carried out using ab-initio reconstruction in cryoSPARC and the resulting
maps were used as references for heterogeneous 3D refinement. Particles belonging to classes
with the best resolved HKU5 RBD and ACE2 density were selected. To further improve the data,
the Topaz model®” was trained on Warp-picked particle sets belonging to the best classes after
2D classification and particles picked using Topaz were extracted and subjected to 2D-
classification and heterogenous 3D refinements. The two different particle sets from the Warp
and Topaz picking strategies were merged and duplicates were removed using a minimum
distance cutoff of 95A. After two rounds of ab-initio reconstruction-heterogeneous refinements,
3D refinement was carried out using non-uniform refinement in cryoSPARC®. The dataset was
transferred from cryoSPARC to Relion® using the pyem program package'® and particle images
were subjected to the Bayesian polishing procedure implemented in Relion'" during which
particles were re-extracted with a box size of 320 pixels and a pixel size of 1.0 A. To further
improve the map quality, ab-initio reconstruction in cryoSPARC was used to classify the data in
three bins and the generated models were used as references for heterogeneous 3D refinement.
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The final 3D refinements were carried out using non-uniform refinement along with per-particle
defocus refinement in cryoSPARC to yield the final reconstruction at 3.1 A resolution comprising
550,684 particles. Reported resolutions are based on the gold-standard Fourier shell correlation
(FSC) of 0.143 criterion and Fourier shell correlation curves were corrected for the effects of soft
masking by high-resolution noise substitution'®'%, Local resolution estimation, filtering, and
sharpening were carried out using cryoSPARC. UCSF Chimera'®, Coot'®, AlphaFold3'% and
Rosetta’®”'® were used to fit, build, refine and relax the model into the sharpened and
unsharpened cryoEM maps before validation using Phenix'®, Molprobity'"®, EMRinger'"" and
Privateer''2.

Biolayer interferometry

P. abramus ACEZ2 binding kinetics to the HKU5-19s and HKU5-33s RBDs was assessed
by BLI using an Octet RED96 instrument (Sartorius) and the Octet Data acquisition software. All
BLI measurements were performed at 30°C and shaking at 1,000 rpm. Biotinylated HKU5 RBDs
were diluted to 10ug/mL in 10x Octet kinetics buffer (Sartorius) and loaded onto hydrated
streptavidin (SA) biosensors to 1 nm shift, equilibrated in 10x Octet kinetics buffer for 60 seconds,
and dipped into P. abramus ACE2 at 300nM, 100nM, 33.3nM and 11.1nM for 900s to observe
association. Dissociation was observed by dipping biosensors in a 10x Octet kinetics buffer for
300s. Baseline subtraction was done by subtracting the response from unloaded SA tips dipped
into 300nM P. abramus ACEZ2. In addition, association phases were aligned to 0 seconds and 0
response in Octet Data Analysis HT software. Apparent dissociation constants were determined
by plotting the concentration of ACE2 versus the average responses from 890-895s and fitting a
one site—specific binding nonlinear fit in GraphPad Prism10. Sensorgrams were plotted in
GraphPad Prism10.
P. abramus ACE2 binding to wildtype and interface mutant HKU5-19s RBDs was assessed by by
loading each RBD onto hydrated streptavidin biosensors to a 1nm shift, equilibrated in 10x Octet
kinetics buffer for 60 seconds, before dipping into P. abramus ACE2 at 100nM for 300s to observe
association. Dissociation was observed by dipping biosensors in 10x Octet kinetics buffer for
300s. Baseline subtraction was done by subtracting the response from unloaded SA tips dipped
into 100nM P. abramus ACEZ2. In addition, association phases were aligned to 0 seconds and 0
response in Octet Data Analysis HT software. Sensorgrams were plotted in GraphPad Prism10.

Authentic HKUS infection assay

For HKU5-1(isolate LMHO3F) infection-related experiments, Caco-2 cells with or without
human or P.abr ACE2 stable expression were initially seeded in 96-well plates and washed with
DMEM before inoculation, either in the presence or absence of indicated concentration of trypsin.
Following a one-hour incubation of the indicated MOI of HKU5-1 at 37°C, the cells were washed
with DMEM and further incubated for the indicated hours at 37°C. For antibodies and EK1C4
neutralization assay, HKU5-1 was preincubated with the antibodies or peptides for 1 hour at 37°C
before adding to the cells. For other small molecule inhibitors, HKU5-1 was mixed with the
inhibitors and immediately incubated with the cells. After 1-hour inoculation, cells were further
incubated with culture medium containing indicated concentrations of inhibitors. For
immunofluorescence assays, cells were washed once by DMEM and then fixed with 4%
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paraformaldehyde (PFA) for 20 minutes at room temperature, permeabilized by 0.1% Triton X-
100 at 25°C for 15 minutes, and blocked by 1% BSA at 37°C for 30 minutes at indicated time
points. The expression of HKU5 N proteins was detected by rabbit anti-HKU5 N protein serum
(diluted at 1:4000), followed by DL594-conjugated goat anti-rabbit IgG (Thermo, 1:1000) staining.
HKU5-1 titers were determined in Caco-2/P.abr ACE2 cells infected with serially-diluted inocula
and calculated using the Reed-Muench method.

Merbecovirus RBD and mammalian ACE2 phylogenetic analysis

A dataset of merbecovirus S glycoproteins was gathered based on literature search''*-
followed by additional BLAST searches of NCBI databases. Identical S amino acid sequences
were pared via CD-HIT''® and aligned via the structure-guided approach of MAFFT-DASH'",
which utilized the PDB codes 3JCL, 5108, 5KWB, 5X59, 6B30, 60HW, 6PZ8, 6Q04, and 6VSJ
during alignment. RBD sequences (MERS-CoV EMC-2012 reference numbering Q377-A591,
Genbank Accession JX869059) were parsed from the alignment and further pared via CD-HIT to
eliminate redundant sequences with 100% RBD amino acid sequence identity or to remove
sequences with ambiguous base calls, leaving 71 unique RBD sequences. The full set of
sequences, along with accession numbers, are available from  GitHub:
https://github.com/tstarrlab/MERSr_phylo/blob/main/unaligned sequences/GenBankAccessions
Xlsx. The RBD sequence alignment was determined to be free of detectable recombination via
the likelihood-based model selection program GARD'?°. The final RBD sequence set was aligned
again via MAFFT-DASH (which utilized PDBs 4KQZ, 4L3N, 4QZV, 4XAK, 5XGR, 6C6Z, and
6PZ8) and combined with MHV (ACN89763), OC43 (KX344031) and HKU1 (KF686346) RBD
sequences as embecovirus outgroups, with final RBD alignment available from GitHub:
https://github.com/tstarrlab/MERSr_phylo/blob/main/merbeco_alignments/merbeco RBD aligne
d v2.fasta. The maximum likelihood phylogenetic relationship among RBD sequences was
inferred using RAXML'?" with the WAG+G evolutionary model, and visualized based on rooting
on the embecovirus outgroups. The maximum likelihood tree originally placed a poorly supported
paraphyletic relationship for the HKU25-related RBD clade (Fig 1A). This paraphyletic relationship
is unstable (i.e., has fluctuated as we iterated on the phylogeny when adding newly described
taxa); disagrees with the most parsimonious placement of an indel (deletion of equivalent MERS-
CoV residues 543-552 that is specific to the HKU25-related RBDs); and disagrees with
monophyletic HKU25-related clade grouping from phylogenies based on whole genome and full
S sequences'?*'? which are more confident due to longer alignment length. For our final
phylogeny, we therefore enforced a constraint so that RBDs from HKU25-related viruses form a
monophyletic clade. The full pipeline and intermediate analysis files are available from GitHub:
https://github.com/tstarrlab/MERSr_phylo. Sequence alignments of different ACE2 orthologs or
HKU5 S4/S; regions were performed with the MUSCLE'®* algorithm in MEGA-X'% (version
10.1.8). The logo plot of HKUS Si/S; sequences was generated by the Geneious Prime
software'?®. Phylogenetic trees of ACE2 were produced using the maximal likelihood method with
Q.plant+I1+R3 model in IQ-TREE2'* (1000 Bootstraps) and rendered with iTOL'?® (v6).

117

Statistical analysis
Most experiments were conducted 2—3 times with 3 biological repeats unless otherwise
specified. Representative results were shown. Data were presented by means + SD as
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indicated in the figure legends. Unpaired two-tailed t-tests were conducted for all statistical
analyses using GraphPad Prism 8. P < 0.05 was considered significant. *P < 0.05,**P < 0.01,
***P < 0.005, and ****P < 0.001.
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Figure S1. HKUS utilizes several mammalian ACE2s as receptors. (A-D) Binding of the HKU5-
19s RBD-hFc to (A-B) and entry of HKU5-19s S VSV pseudovirus into (C-D) HEK293T cells
transiently transfected with the indicated bat (A, C) or non-bat (B, D) mammalian ACE2 orthologs.
Scale bars: 100 ym. Data are shown as the MEAN + SD for C-D. n=3 biological replicates. Data
representative of two independent experiments for A-B, and a single experiment for C-D.
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Figure S2. CryoEM data processing of the P.abr ACE2-bound HKU5 RBD dataset (A-B)
Representative electron micrograph and 2D class averages of the complex embedded in vitreous
ice. Scale bars: 100 nm (A) and 150 A (B). (C) Gold-standard Fourier shell correlation curve. The
0.143 cutoff is indicated by a horizontal dashed line. (D) Local resolution estimation calculated
using cryoSPARC and plotted on the sharpened map. (E) Data processing flowchart. CTF:
contrast transfer function; NUR: non-uniform refinement. The angular distribution of particle
images calculated using cryoSPARC is shown as a heat map.
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Figure. S3. Structural comparisons of the receptor binding domain of HKU5 with HKU4,
NeoCoV and MERS-CoV. (A-D) Comparison of the structures of the P.abr ACE2-bound HKUS
RBD (PDB 9D32, this study), the P.pip ACE2-bound NeoCoV RBD (PDB 7WP0*), hDDP4-bound
MERS-CoV RBD (PDB 4KR0*) and hDDP4-bound HKU4 RBD (PDB 4QZV*®). (E)
Superimposition of the HKU5 (cyan), NeoCoV (orange-red), MERS-CoV (pink) and HKU4 (green)
RBMs.
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Figure S4. Biolayer interferometry analysis of the P.abr ACE2 ectodomain binding to the
immobilized HKU5-19s and HKU5-33s RBDs. Binding avidities were determined by steady
state kinetics and are reported as apparent affinities (Ko, app). One representative out of two
technical replicates is shown
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Fig S5. Dose-response curves of HKU5-19s VSV pseudovirus neutralization by MERS-CoV
infection-elicited plasma or monoclonal antibodies. A, Dose-response curves of HKU5-19s
VSV pseudovirus neutralization by MERS-CoV infection-elicited plasma. Each data point
represents the mean of two technical replicates and three biological replicates with three distinct
batches of pseudoviruses are shown with different colors. B, Dose-response curves of HKU5-19s
VSV pseudovirus neutralization by fusion machinery-directed monoclonal antibodies. Each data
point represents the mean of two technical replicates. A representative curve from three biological
replicates is shown.
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Figure S6. HKU5 S proteolytic processing during biogenesis.

A, Sequence analysis of S glycoprotein S1/Sz junction from the indicated HKU5 isolates, with
arginine (R) residues highlighted with red background. B, Quantification of S glycoprotein
proteolytic processing and incorporation in VSV pseudoviruses of wildtype and S+/S; HKU5-1
mutants analyzed by Western blot detecting the C-terminal-fused HA tag. VSV-M was used as a
loading control. HKU5-1 S residue numbering is shown.

HKUS RBD — P.abr ACE2

PDB 9D32
EMD 46512
Data collection and processing
Magnification 105,000
Voltage (kV) 300
Electron exposure (e—/A?) 60
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Defocus range (um) -0.2--3.0
Pixel size (A) 0.843
Symmetry imposed C1
Initial particle images (no.) 3,159,512
Final particle images (no.) 550,684
Map resolution (A) 3.1
FSC threshold 0.143
Refinement
Model resolution (A) 3.2
FSC threshold 0.5
Map sharpening B factor (A?) -135
Model composition
Non-hydrogen atoms 6140
Protein residues 778
Ligands 9
B factors (A?)
Protein 15.0
Ligand 18.5
R.m.s. deviations
Bond lengths (A) 0.011
Bond angles (°) 1.360
Validation
MolProbity score 1.39
Clashscore 3.55
Poor rotamers (%) 1.41
Ramachandran plot
Favored (%) 97.28
Allowed (%) 2.59
Disallowed (%) 0.13
EMRinger score 4.11

Table 1. CryoEM data collection and refinement statistics.

P. abr ACE2 H. sap ACE2
R26 K26
L29 L29
V30 D30
N33 N33
H34 H34
E37 E37
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N38 D38
H41 Y41
D90 N90
192 1792
193 Vo3
Q96 Q96
M322 M323
T323 T324
P324 Q325
G325 G326
Wa327 W328
R328 E329
D329 N330
K352 K353
N353 G354
D354 N355
R356 R357
A385 A386
N386 A387
Q387 Q388
S388 P389
R392 R393

Table 2. Conservation analysis of P.abr ACE2 residues recognized by HKU5 in hACE2. Non-
conserved residues are italicized.
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Patient ID Sex Age Comorbidities

1 M 42 DM, HTN

2 M 80 ESRD, DM, HTN

5 M 27 DM, HTN

6 M 64 DM, HTN

7 M 44 DM

8 M 51 DM, HTN

9 M 70 DM,HTN, IHD

10 M 35 psychiatric illness

11 F 55 DM, hypothyroidism,
AKI

12 M 49 DM

13 F 41 DM

14 M 65 DM, HTN, IHD

15 M 46 DM, HTN, COPD

16 M 53 DM, HTN

17 M 49 heart failure

18 M 53 HTN

19 M 32 -

20 M 75 DM, HTN, epilepsy,
dyslipidemia

21 F 67 DM, HTN

23 M 63 DM, BA, HTN

24 M 50 DM

26 M 31 ESRD, DM, HTN

27 F 70 ESRD

29 M 69 BPH, Afib
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31 F 62 ARDS, Alzheimer,
DM, HTN

32 M 42 DM

33 M 58 -

Table 3. Demographic information of MERS-CoV-infected individuals.

DM, diabetes mellitus; HTN, hypertension; ARDS, acute respiratory distress syndrome; ESRD,
end stage renal disease; IHD, ischemic heart disease; AKI, acute kidney injury; COPD, chronic
obstructive pulmonary disease; BA, bronchial asthma; BPH, benign prostatic hypertrophy; Afib,
atrial fibrillation.
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