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Coronaviruses of the subgenus Embecovirus include severalimportant

pathogens, such as the human seasonal coronaviruses HKU1 and OC43,
bovine coronavirus and porcine haemagglutinating encephalomyelitis
virus (PHEV). While sialicacid is thought to be required for embecovirus
entry, protein receptors remain unknown for most of these viruses. Here
we show that PHEV does not require sialic acid for entry and instead uses
dipeptidase 1 (DPEP1) as areceptor. Cryo-electron microscopy at

3.4-4.4 Aresolution revealed that, unlike other embecoviruses, PHEV
displays both open and closed conformations of its spike trimer at steady
state. The spike receptor-binding domain (RBD) exhibits extremely high
sequence variability across embecoviruses, and we found that DPEP1
usage is specific to PHEV. In contrast, the X-ray structure of the RBD-DPEP1
complex at2.25 A showed that the structural elements involved in receptor
binding are conserved, highlighting the remarkable versatility of this
structural organization in adopting novel receptor specificities.

Thebetacoronavirus1speciesincludes ten host-specific virusesinfect-
ing farm animals, such as the porcine haemagglutinating encephalo-
myelitis virus (PHEV) and bovine coronavirus (BCoV), but also other
mammalsincluding humans, where they cause seasonal colds (human
coronavirus OC43) or diarrhoea (human enteric coronavirus strain
4408).Thebetacoronavirus1species belongsto the Embecovirus subge-
nus, whichincludes additional relevant viruses such as the human com-
mon cold virus HKU1 and murine hepatitis virus (MHV). It is believed
that present-day embecoviruses derive from ancestral rodent viruses
that diversified through cross-species transmission'. For example, it
has been estimated that BCoV and OC43 diverged over a century ago
following a zoonotic or reverse zoonotic event®.

Theentry of embecoviruses and other coronavirusesinto host cells
ismediated by the spike protein trimer, which binds to aspecific recep-
tor and triggers fusion of viraland cellular membranes. The C-terminal
domain of the spike S1 subunit typically acts as a protein-receptor

binding domain (RBD)?, but receptors remain unknown for most embe-
coviruses, including allmembers of the betacoronavirus1species. For
many coronaviruses, the RBD can adopt ‘up’ and ‘down’ conformations
that determine spike opening, which is a pre-requisite for membrane
fusion. However, all embecovirus spikes, including those of MHV*,
0C43 (ref.5) and HKU1 (ref. 6), have been observed exclusively in closed
conformation at steady state, suggesting that binding to a ligand is
necessary to promote or stabilize spike opening and allow viral entry,
as shown for HKU1 (ref. 7).

TheN-terminal domain (NTD) of the embecovirus spike S1subunit
harbours aconserved glycan-binding site used for attachmentto cells,
which interacts with 9-O-acetyl-sialic acid as shown for HKU1, 0C43,
BCoV and PHEV®’, an interaction that is necessary for HKU1, 0C43
and BCoV entry*®. The importance of glycan attachment is further
highlighted by the presence of a haemagglutinin esterase (HE) on
the embecovirus envelope, which is analogous to the influenza C/D
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Fig.1| PHEV does not require sialic acid for entry. a, HCT-15 cells were treated
or not with neuraminidase and infected with VSV-G and PHEV VSV pseudotypes
or IAV (PR8-GFP). Left: representative images (scale bar, 200 pm). Right: ratio of
infected cells relative to no-NA treatment. Each dot represents an independent
experiment (n=3).b, HCT-15 cells were infected witha WT or WOOA PHEV spike

mutant pseudotype. Left: representative images (scale bar, 200 um). Right:
percentage of infected cells. Each dot indicates a technical replicate (n = 3).
The bars represent the mean, and the levels of statistical significance of
two-sided unpaired t-tests are shown: ***P < 0.0001, **P < 0.001, *P < 0.05; NS,
notsignificant.Ina, PHEV: P=0.021; VSV: P=0.34.Inb, P= 0.0001.

haemagglutinin-esterase-fusion protein'®". Although the presence of
HE suggests that sialoglycans might function as embecovirus recep-
tors, recent findings on HKU1 reveal a more complex scenario. HKU1
enters cells through atwo-step process inwhichbinding of the SINTD
to 9-O-acetyl-sialic acids®'>" triggers spike opening’, allowing the RBD
to bind to transmembrane protease serine 2 (TMPRSS2), which acts
as afunctional HKU1 receptor' . Nevertheless, whether the entry of
other embecoviruses dually depends on binding to sialic acids and a
cell surface protein remains unknown.

Here weidentified dipeptidase 1(DPEP1) as a functional receptor
for coronavirus PHEV. We showed that, contrary to HKU1 and other
betacoronavirus1 members, the PHEV spike does not require binding
to sialic acid for entry. We thoroughly characterized DPEP1 as a suf-
ficient PHEV receptor and obtained the X-ray structure of the PHEV
RBD in complex with DPEPL. Cryo-electron microscopy (cryo-EM) of
the PHEV spike trimer revealed that, in contrast to other embecovi-
ruses, it can be found in open conformations in the absence of ligand
binding. We also found that RBD sequences vary extensively within
the betacoronavirus1speciesand that DPEP1usage is specific to PHEV.
In contrast, the structural elements involved in receptor binding are
conserved across embecoviruses. Our results highlight the diversity of
embecovirus entry mechanisms and reveal that the RBD is capable of
accommodating highly divergent sequences to enable receptor shifts.

Results

Sialic acid is dispensable for PHEV spike-mediated viral entry
Given the importance of sialic acid binding for embecovirus entry®,
wetested whether sialicacid was required for PHEV entry. To thisaim,
HCT-15 cells were pretreated with neuraminidase (NA) to remove all
(x2,3)-, («2,6)- and (a2,8)-linked sialic acids before infection with a
vesicular stomatitis virus (VSV) pseudotype bearing the PHEV spike®.
NA treatment only modestly decreased PHEV entry (20 + 5.5% reduc-
tion compared with untreated cells; ¢-test: P= 0.02; Fig. 1a). Similarly,
the W90OA PHEV spike mutant, which cannotinteract with sialic acid®,
showed only a2-fold infectivity loss (7.22 £ 0.4% vs 3.5 + 0.14% infected
cells; t-test: P=0.0001; Fig. 1b). In contrast, NA treatment reduced
theentry of an HKU1 pseudotype by 40%, while a W89A HKU1 mutant,
equivalent to the PHEV W90A mutation, completely lost infectivity
(Extended Data Fig. 1). These results indicate that sialic acid may act
asaPHEV attachment factor butis not strictly required for viralentry,
in contrast to other betacoronavirus 1 members and HKU1.

Identification of a PHEV candidate receptor

The above results suggest that PHEV uses a protein receptor for
entry. To identify potential candidates, we systematically quanti-
fied PHEV pseudotype infectivity in 48 human cell lines from the

NCI-60 panel'®. We observed infection in 16 out of 48 cell lines tested
(Extended Data Fig. 2a,b and Supplementary Table 1). Since the NCI-
60 panel has been previously characterized by transcriptomics'®?,
we correlated PHEV pseudotype infectivity with the expression levels
of 7,694 genes encoding cell surface proteins (Extended Data Fig. 2c).
The expression of 6 genes correlated positively and significantly with
infectivity after adjusting for false discovery rates (Fig. 2a). The top
hit was DPEP1 (Pearson r=0.766, P < 0.0001; Fig. 2b), a GPl-anchored
peptidase involved in renal metabolism?*.

DPEP1 sensitizes cells to PHEV spike-mediated viral entry

We next examined the effect of human DPEP1 (hDPEP1) transfection on
PHEV pseudotype infectivity in HEK293T cells. Transfectionincreased
infection rates from undetectable levels (0.07 + 0.04%) to 54 + 3.6%
(t-test: P<0.0001; Fig. 2¢). This effect was specific to PHEV, as infec-
tion with empty, VSV-G, SARS-CoV-2 or MERS-CoV pseudotypes was
unaffected (Fig. 2c and Extended Data Fig. 2d). We confirmed these
results in seven additional cell lines, where we observed an average
73-foldincreasein PHEV pseudotypeinfection upon hDPEP1 transfec-
tion (Fig. 2d). Conversely, CRISPR-Cas9-mediated knockout of DPEP1
insusceptible HCT-15 cells markedly inhibited the entry of PHEV pseu-
dotypes (Fig. 2e). We also used a GFP complementation assay to assess
whether expression of the spike at the cell surface triggered syncytia
formation. This showed that co-expression of hDPEP1 and the PHEV
spike allowed strong syncytia formation (Fig. 2f). Since PHEV is a por-
cine virus, we confirmed that pig DPEP1 (pDPEP1) supported PHEV
pseudotype infection and spike-mediated cell-cell fusion to a similar
or slightly lower extent than hDPEPI, respectively (Fig. 2g). Overall,
these experiments demonstrate that the porcine and human versions
of DPEP1 sensitize cells to PHEV spike-mediated viral entry and induce
spike-mediated cell-cell fusion.

DPEP1 binds the PHEV spike

Since DPEP1is a peptidase, we first sought to determine whether it
acted as a PHEV receptor or promoted entry by priming the spike.
To this end, we generated the catalytically inactive mutant E141D*.
This mutant was capable of mediating viral entry into transfected
HEK293T cells and induced PHEV spike-mediated cell-cell fusion
similarly to wild-type (WT) hDPEP1, showing that the peptidase activ-
ity of DPEP1is dispensable to promote PHEV entry (Fig. 3a). We then
examined whether DPEP1directly bound the PHEV spike. For this, we
firstincubated PHEV spike-transfected HEK293T cells with increas-
ing concentrations of soluble recombinant hDPEP1 and measured
hDPEP1 binding by flow cytometry (Fig. 3b). We observed a strong
dose-dependent binding of soluble hDPEP1 to spike-expressing cells.
We then expressed the PHEV spike RBD (residues 327-605) to measure
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Fig.2 | DPEP1triggers PHEV spike-mediated fusion. a, PHEV pseudotype
infectivity in the NCI-60 panel was correlated with the expression of 7,694

genes encoding membrane-associated proteins. The Pearson correlation
coefficients and the Bonferroni-corrected Pvalues for each gene are shown.
Each dot represents a different gene (n =7,694). Genes inred and blue are the
ones with significant (P < 0.01; two-sided) positive and negative correlation with
infectivity, respectively. The names of these genes are indicated. b, Correlation
between the expression of DPEP1and PHEV infectivity in the NCI-60 cell lines.
Each point corresponds to a different cell line (n = 47). The names of the cell lines
with the highest DPEP1 expression level and VSV-PHEV infectivity are indicated.
Pearson rand two-sided Pvalue are indicated. ¢, HEK293T cells were transfected
with hDPEP1-expressing plasmid or an empty vector and infected with empty,
VSV-G and PHEV VSV pseudotypes. Cells were imaged at 20 h post infection. Left:
representative images (scale bar, 200 pum). Right: percentage of infected cells.
Each dot represents anindependent experiment (n = 4). d, Different cell lines
were transfected with a human DPEP1 (hDPEP1)-expressing plasmid or an empty
vector and infected with PHEV pseudotypes. The percentage of infected cells at
20 hpostinfectionis shown. Each dot represents a different cell line (n =7). The
bar represents the mean, and the level of significance of a two-sided paired ¢-test
is shown:***P < 0.0001. e, DPEP1was knocked out in human HCT-15 cells using

CRISPR-Cas9 with two DPEP1-specific guide RNAs (GRNA #1and gRNA #2). WT
and hDPEP1-knockout (hDPEP1-KO) cells were infected with either PHEV (left) or
VSV-G (right) pseudotypes. The data show the relative infection levels in DPEP1-
KO cells compared to WT cells. Each dot represents an independent experiment
(n=3).f, Left: representative images of cell-cell fusion upon hDPEP1and/or PHEV
spike transfection (scale bar, 200 um). Right: percentage of cell-cell fusionin
cells overexpressing the PHEV spike and hDPEP1 or an empty control. Each dot
represents a technical replicate (n = 3). g, Left: HEK293T cells were transfected
with hDPEP1, pig DPEP1 (pDPEP1) or an empty vector, and infected witha PHEV
pseudotype. The percentage of infected cells is shown. Each dot represents an
independent experiment (n = 3). Right: HEK293T GFP-split cells were transfected
with the PHEV spike and hDPEP1, pDPEP1 or an empty vector. The percentage

of cell-cell fusion is shown. Each dot represents a technical replicate (n = 3).
Incand e-g, the bar represents the mean, and the levels of statistical significance
of two-sided unpaired ¢-tests are shown: ***P < 0.0001, **P< 0.001, **P< 0.01.In
cforVSV-G,"P=0.913.Ine, for VSV-G gRNA #1: 5P = 0.692; for VSV-G gRNA #2:
NSp=0.376.Inf, P=0.0013. Ing (left panel), hDPEP1vs Empty: P= 0.0013; pDPEP1
vs Empty: P=0.0019; pDPEP1vs hDPEP1: P = 0.658. In g (right panel), hDPEP1vs
Empty: P=0.0001; pDPEP1vs hDPEP1: P=0.0009.

its affinity for the pDPEP1 ectodomain by biolayer interferometry
(BLI; Fig. 3c). The immobilized PHEV RBD interacted with pDPEP1
but not with human ACE2 (hACE2), confirming the specificity of the
interaction. To measure the binding affinity avoiding avidity effects, we
immobilized pDPEP1 and used the monomeric soluble RBD at arange
of concentrations, which allowed us to estimate an equilibrium dis-
sociation constant (Ky) of 1.50 + 0.31 pM (Fig. 3d,e). Binding to hDPEP1
showed similar affinity (K;=2.99 + 0.83 uM; Fig. 3f). We also expressed
arecombinant PHEV spike ectodomain (residues 15-1,274) to con-
firmitsinteraction with pDPEP1 by BLI (Fig. 3g). Given that DPEPlisa
dimer and the spike protein is a trimer, we did not derive kinetic and
affinity parameters, but the curves clearly demonstrate their interac-
tion. Finally, we performed a competition assay in which PHEV pseu-
dotypes were incubated with increasing amounts of soluble hDPEP1
before infection of susceptible cells (HCT-15 or hDPEP1-transfected
HEK293T cells; Fig. 3h). Soluble hDPEP1 strongly inhibited PHEV pseu-
dotype infection in both cell lines (ICs: 0.03 pg ml™in HCT-15 and

0.04 pg mi?in HEK293T-hDPEPI1 cells). These assays collectively show
that the humanand porcine orthologues of DPEP1 specifically interact
with the PHEV spike.

Soluble DPEP1 interferes with authentic PHEV infection

Although PHEV propagationin cell cultureis challenging, we set out to
investigate the role of DPEP1 using the authentic virusinstead of pseu-
dotypes. We thus ran the competition assay described above with PHEV
strain 67N (Extended Data Fig. 3a). We incubated the virus with solu-
ble hDPEP1 before inoculation of PK-15 or swine primary kidney cells
(SPKC) and followed the release of viral particles into the supernatant
over time by quantitative PCR with reverse transcription (RT-qPCR).
In PK-15 cells, there was significantly less virusin the supernatant at 24
and 48 hpostinoculation when the virus was pre-incubated with solu-
ble hDPEP1(24 h: 2.3-fold, ¢-test: P= 0.0053; 48 h:2.9-fold, P= 0.0031;
Extended Data Fig. 3b).In SPKC cells, hDPEP1 pretreatment significantly
reduced virusrelease at all timepoints by a factor ranging from 2.5- to
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Fig. 3| DPEP1binds the PHEV spike. a, Left: HEK293T cells were transfected with
WT or E141D hDPEP1 or an empty vector and infected with a PHEV pseudotype.
The percentage of infected cells is shown. Each dot represents an independent
experiment (n = 3). Right: HEK293T GFP-split cells were transfected with the
PHEV spike and WT or E141D hDPEP1 or an empty vector. The percentage of
cell-cell fusion is shown. Each dot represents a technical replicate (n =3).
Statistical significance determined using a two-sided unpaired ¢-test is shown:
*P<0.05,**P<0.01. Left panel, WT vs Empty: P= 0.0028; E141D vs Empty:
P=0.014; WT vs E141D: P = 0.227. Right panel, WT vs Empty: P= 0.038; E141D

vs Empty: P=0.0134; WT vs F141D: ™P=0.258.b, Flow cytometry measurement
of soluble hDPEP1binding to HEK293T cells transfected with the PHEV spike

or an empty vector. Left: flow cytometry histogram of hDPEP1 binding in cells
transfected with the PHEV spike or an empty vector. From top to bottom, cells
were incubated without (-) and with increasing amounts of soluble hDPEPI.
Right: the data shows the binding median fluorescence intensity (MFI) measured
ateach concentration of soluble hDPEP1 normalized to the MFlin the absence

of hDPEP], in cells transfected with an empty vector or the PHEV spike. Results
from arepresentative experiment are shown. The gating strategy is shown in

[hDPEP1] (g ml™) [hDPEP1] (ug ml™)

Supplementary Fig. 1. ¢, Binding of pDPEP1 or human ACE2 (hACE2) to PHEV

or SARS-CoV-2 (SC2) RBD-coated sensors was quantified by BLI. One of two
representative experiments is shown. d, Left: binding of pDPEP1to PHEV RBD
measured by BLI. pDPEP1 was immobilized on streptavidin sensors that were
incubated with different RBD concentrations. Right: determination of the
affinity of PHEV RBD for pDPEP1 using the steady-state method. The circles are
experimental values and the line is the fitting of the experimental data. One of
six representative experiments is shown. e, Affinity constants (K,) of the PHEV
RBD-pDPEP1interaction obtained in the sixindependent experiments. Data
aremean + s.d. of K. f, Binding of hDPEP1to PHEV RBD measured by BLI. hDPEP1
was immobilized on streptavidin sensors that were incubated with different RBD
concentrations. g, Binding of immobilized pDPEP1 to the PHEV spike ectodomain
measured by BLI using different spike concentrations. One of two representative
experimentsis shown. h, PHEV pseudotypes were incubated with the indicated
concentration of soluble hDPEP1 (blue curve) or vehicle (grey curve, H,0) before
infecting HCT-15 (right) or hDPEP1-transfected HEK293T cells (left). Data show
the percentage of infected cells at each soluble hDPEP1 concentration (mean of
two technical replicates).

3.5-fold (¢-tests: P < 0.05). These results therefore confirm the role of
DPEP1in PHEV infection.

TMPRSS2 enhances DPEP1-mediated entry butis nota
receptor for PHEV

The only other protein described to bind an embecovirus RBD is
TMPRSS2, which serves as a functional receptor for HKUI1 (ref. 14).
Moreover, TMPRSS2 activates the spike and enhances the entry of other
coronaviruses such as SARS-CoV-2 (ref. 23) and MERS-CoV*. Therefore,
we investigated its role in PHEV entry. We found that the expression

of TMPRSS2 also correlated with PHEV pseudotype infectivity across
the 48 cell lines of the NCI-60 panel, albeit less strongly than DPEP1
(Pearsonr=0.47, P=0.0009; Extended Data Figs. 2c and 4a). Over-
expression of human TMPRSS2 (hnTMPRSS2) alone was not sufficient
to promote PHEV pseudotype infection in three non-susceptible cell
lines (HEK293T, SK-OV-3 and SF-268; Extended Data Fig. 4b). However,
co-expression of hDPEP1and hTMPRSS2increased viralentryinall three
celllines compared with hDPEP1alone (3.6-,1.6-and 1.9-fold increase,
respectively; Extended DataFig.4b). Co-expression of hDPEP1and hTM-
PRSS2alsoresultedina60%increase in spike-mediated cell-cell fusion
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compared with hDPEP1 alone (Extended Data Fig. 4c). These results
show that TMPRSS2 enhances DPEP1-dependent entry but is unlikely
tobeafunctionalreceptor for PHEV, indicating that receptor usage is
not conserved between the HKU1 and PHEV embecoviruses. Finally,
we used camostat mesylate (a serine protease inhibitor) and E-64d (a
cysteine protease inhibitor) to further test the role of proteases in PHEV
entry. Camostat treatment did notinhibit entry inHCT-15 cells, whereas
E-64dreduced entry by more than 60%, suggesting that PHEV primarily
uses cysteine proteases for entry (Extended Data Fig.4d). These results
suggest thatalthough TMPRSS2 overexpression enhances viral entry,
other proteases probably play a more decisive role in PHEV entry.

DPEP1is a PHEV-specific receptor

Giventhatnobetacoronavirus1receptor hasbeenidentified so far, we
setout to determine whether DPEP1was ageneral receptor for the spe-
cies. To test this, we first measured the binding of recombinant hDPEP1
to cells overexpressing the OC43, BCoV, canine respiratory coronavirus
(CRCoV) or equine coronavirus (ECoV) spike. The HKU24 spike was
included asanon-betacoronavirus 1embecovirus. Despite the detect-
able expression of all spikes, hDPEP1binding could only be measured
in PHEV-transfected cells, suggesting that DPEP1 is a PHEV-specific
receptor (Extended Data Fig. 5a). To determine whether interspecies
sequence variations in DPEP1 affect the ability of other betacoronavi-
rus 1 members to use it as a receptor, we performed a cell-cell fusion
assay using the spikes from PHEV, OC43, BCoV and CRCoV and the
DPEP1orthologues fromtheir respective host species (Homo sapiens,
Susscrofa, Canis lupus and Bos taurus; Extended Data Fig. 5b). All four
DPEP1 orthologues mediated cell-cell fusion only in the presence of
the PHEV spike and not with the other three spikes, further supporting
a PHEV-specific DPEP1 usage. To understand whether potential spike
diversity might explain this receptor usage specificity, we built a phylo-
genetic tree of allembecovirus spike proteins (Extended Data Fig. 6a).
Althoughbetacoronavirus 1spikes formamonophyletic group, PHEV
and ECoV differed from the rest of betacoronavirus 1 members. In par-
ticular, aregionof-35residuesin their RBD was highly divergent fromall
otherbetacoronavirus1spikes and from each other (residues 499-534
ofthe PHEV spike; Extended DataFig. 6b). Indeed, this region exhibited
no significant similarity with any other viral sequence deposited in
GenBank, and the structure-based remote homology detection tool
pLM-Blast* showed no obvious hits.

X-ray structure of the PHEV RBD in complex with DPEP1

We attempted to predict the structure of the pDPEP1/PHEV RBD com-
plexusing AlphaFold3 (ref. 26), but theresulting interface confidence
metrics for the predicted complex were very low (ipTMscore: <0.3). We
therefore crystallized the PHEV RBD incomplex with pDPEP1and deter-
mined the X-ray structure at 2.25-A resolution (Supplementary Table 2).
The asymmetric unit of the crystal contained one pDPEP1 dimer with
two RBDs bound (Fig. 4a). pDPEP1 has an o/3 barrel architecture that
conserves the secondary structure elements, overall fold (root mean
square deviation, RMSD: 0.931 A for 5,446 atoms) and glycosylation sites
(N57 and N279) of the human orthologue crystallized previously (PDB:
1ITQ)”. The active site has two zincions, one coordinated by H36, D38
and E141and the second by H214, H235 and E141. The site of interaction
withthe RBDis onthe face opposite to the active site and is formed by
helices a,, &, and o, (Fig. 4b and Extended Data Fig. 7). The PHEV recep-
tor binding site is in the RBD distal region, which has the shape of an
openmouth (Fig.4b). Theupperjaw (jaw1,j1) isformed by alongloop
(residues 506-518), and the lower jaw (jaw 2, j2) consists of the 71 heli-
calturn (residues 531-533, Extended DataFig. 8) in the highly variable
region observedinbetacoronavirus1RBDs (Extended Data Fig. 6b). The
interface between the PHEV RBD and pDPEP1 buries ~1,150 A% (530 A2
onthe RBD and 620 A%on the receptor), an area considerably smaller
than the buried surface area of other betacoronavirus RBD/receptor
complexes®. The surface electrostatic potential shows moderate charge

complementarity between the PHEV RBD and pDPEP1, with most of the
RBD interface having no net charge, except for a few positive patches
that face negative surfaces on pDPEP1 (Fig. 4c). The complex is sta-
bilized by polar interactions that include five hydrogen bonds, with
R130ppep and E351 555, participating in most of them, and a salt bridge
(Supplementary Table 3 and Fig. 4d). Besides, two aromatic residues
from the RBD (F5075, and W533,;p) stack against the long aliphatic
side chains of arginine residues from pDPEP1 (Fig. 4d). Altogether, the
smallburied surface area of the interface, the limited charge comple-
mentarity and the scarcity of polar interactions are consistent with the
measured binding affinity in the low micromolar range.

Structural conservation between the RBDs of PHEV and HKU1
Structural alignment of the PHEV RBD with those from OC43 (ref.
28) (PDB: 8TZU), MHV? (PDB: 6VSJ) and HKUI1 (ref. 30) (PDB: SKWB)
revealed ashared fold, asindicated by low Ca root mean square devia-
tion (CA-RMSD) values and high pairwise alignment Z-scores obtained
from the Dali server® (Fig. 4¢). This common fold consists of two sub-
domains: acore (PHEV residues 327-434 and 583-603) that has a topol-
ogy similar to the RBDs from other betacoronaviruses (SARS-CoV,
MERS-CoV) and aninsertion (PHEV residues 435-582) that is unique
to embecoviruses and encompasses the highly divergent region pre-
sented above (Extended DataFig. 6b). Several segments of theinsertion
subdomains from different RBDs superpose well (Fig. 4e), except for
the highly variable region located toward the RBD tip, where the DPEP1
contactresidues are located. The RBD tip also harbours the TMPRSS2
binding site in the HKU1 RBD" (Fig. 4¢€), and the same structural ele-
ments adopt slightly different conformations to participatein the inter-
action (Fig. 4f). The RBD sequences from betacoronavirus1 members
have deletions in the positions corresponding to the receptor-binding
site (Extended Data Fig. 8), which could be responsible for their differ-
entreceptor specificities. The most extensive deletion is found in the
0OC43 variable region, corresponding to the PHEV j1 segment (Fig. 4e
and Extended Data Fig. 8).

Functional identification of critical residues for DPEP1-PHEV
spike interaction

Totesttherole of specific residues at the PHEV spike-DPEP1interface
invirus entry, we performed site-directed mutagenesis of the PHEV
spike and pDPEP1 and evaluated the ability of these mutants to medi-
ate pseudotype entry and cell-cell fusion (Fig. 5a,b). First, we mutated
ten interface residues of the PHEV spike and included variant Q487A
(mappingtotheloop belowjland notin contact with DPEP1) for com-
parison. Strikingly, the F507R and W533A spike mutants almost com-
pletely abolished PHEV pseudotype infectivity in pDPEP1-expressing
cells and led to a >10-fold reduction in cell-cell fusogenicity (Fig. 5a).
Other mutations (V510R, T511D, T514A and T517R) decreased pseu-
dotype infectivity to alower extent (5- to 38-fold) without decreasing
cell-cell fusion. Spike sequence diversity is low across PHEV strains
(98.2% average conservation), particularly at DPEP1-interacting resi-
dues (Extended Data Fig. 9), suggesting that DPEP1 is probably used
asareceptor by all PHEV variants. We then performed similar analyses
by mutating three interface residues of pDPEP1 (T123, R126 and E351)
and used mutant Q42A, aresidue away from the RBD recognition site,
for comparison. The E351R mutation completely abolished entry of
aPHEV pseudotype and strongly reduced cell-cell fusion (Fig. 5b).
Mutating this residue to alanine (E351A) also slightly decreased PHEV
pseudotype entry but did not alter cell-cell fusogenicity. Thisresidue
is therefore critical for the PHEV spike-pDPEP1 interaction.

Cross-species variability in critical DPEP1 residues may explain
PHEV susceptibility

Wetheninvestigated whether interspecies variationin contactresidues
(Extended Data Fig. 7) could alter the ability of diverse mammalian
DPEP1 orthologues to promote PHEV entry. We first examined the
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Fig. 4| Crystal structure of the PHEV RBD in complex with porcine DPEP1.

a, Structure of the isolated RBD-pDPEP1 complex. The N and C termini of the
proteins are indicated with circled ‘N’ and ‘C’ letters, respectively. Glycans are
represented with green sticks and the asparagine residues to which they are
linked are indicated. The DPEP1 active site contains two zinc ions (grey spheres),
and the orientation of the protein with respect to the plasma membrane
isshown. The location of the cell membrane on which DPEP1is inserted is
indicated, showing that the RBD recognizes the opposite face. b, Close-up view
of the RBD-pDPEP1 interface. The RBD tip adopts an open mouth shape with
twojaws,jlandj2.Secondary structure elements involved in the interaction

are highlighted. The glycan attached to N57 is represented with green sticks.

¢, Openbook representation of the PHEV RBD and pDPEP1 showing the surface
electrostatic potential. The thick black line delimits the residues involved in the
interface. The star (*) and hash (#) signs indicate the regions with complementary
charge thatarein contact. d, Detailed atomic interactions at the RBD- pDPEP1
interface. The side chains of relevant residues are shown in sticks, while main
chainatoms are in thin lines. Dotted lines are used to represent hydrogen

bonds or salt bridges. Some secondary structure elements are labelled, as
wellasjlandj2. Relevantinterface residues are indicated with red-outlined

B n

labels. e, Superposition of the PHEV RBD structure with those from OC43 (left,
yellow, IPDB: 8TZU), MHV (middle, green, PDB: 6VS)) and HKU1 (right, pink,
PDB: 5KWB). The RBD subdomains are shown in the PHEV structure, with the
coreindarkblue (PHEV RBDge) and the insertionin light blue (PHEV RBD,ys).
Relevant secondary structure elements are labelled. An asterisk (*) is used to
indicate correspondence with HKU1, even though the secondary structure is
different. Below each alignment are the values of the root mean square deviation
between alpha-carbons (CA-RMSD) and the Z-score of the pairwise alignment
performed with the Dali server (Z>20 indicates that the proteins are structural
homologues®). The inset on the far-right zooms into the RBD tips (dashed box)
from PHEV (light blue) and HKU1 (pink), where the RBD residues buried at the
interface formed with pDPEP1and TMPRSS2 are indicated in red and magenta,
respectively, and relevant secondary structure elements are labelled. f, Amino
acid sequence alignment of the PHEV and HKU1 RBDs, showing the residues
buried by the receptor (shaded in red and violet, respectively). The numbers
above the sequence indicate the residue numbering in the PHEV spike. Two
arrows and awavy line below the alignment indicate beta strands and an alpha
helix, respectively, in the HKU1 RBD. This figure was created with BioRender
(https://BioRender.com/rfqcbvd).

Nature Microbiology


http://www.nature.com/naturemicrobiology
https://www.rcsb.org/structure/8TZU
https://www.rcsb.org/structure/6VSJ
https://www.rcsb.org/structure/5KWB
https://BioRender.com/rfqcbvd

Article

https://doi.org/10.1038/s41564-025-02111-7

8
a 10 g
7
< ¢ < < w o< S 10 =
HSB%@SDﬁ&@g ~ 108 o
VDA SR 2RERRGELEZZ E C o
1 ]
--“-- A = 5
130 I(—hs}}(ag); < 10 5
spike 2 3
100 | M . - - .- E 10 =
°
2 | S S 3
3
10‘\ [
EXSRELSESRES EXSRBeSESRES
gﬁfg'—»—l—o§z'§ Sﬁﬁg'—r—'—oﬁzg
N7
b S %5 g 2 ¢g c S &
E g o 3 9 vy v vy vvyyvyy .
kba =z o £ & @O @ 1.0 1.0 kDa \2\'2’ Q\'b Q\Q
55
|- - - o - - | PDPEP (flag) . RD A %° [ s #8 | DPEPI (flag)
z [ =] GAPDH
35 J—-----‘GAPDH S 05 G 05 S 35
g Qg T
a. = E Q D *%%% NS
80 - = 10 3 o %ﬁ 0 QDV%S ==K 7
— ‘ : —
8 2 28 123 128 §
S 60 | ° 5
Kl * o kel
S - 2 10 v vy vy v 5 40 A
@ ] . o)
‘€ 404 S D e
= o £
> i) = >
[} = — w
Z 2 < g os N ]
' 7 * c Q g
> * ) o >
% x 2 r S )
2 Pz = E FE | gt 2
ol o = . ‘ === = 0 4
E o< E <@ 344 349 354 E w g
=988h0G =988k = B 8
OF & wuw OF ¥ wuw 14 9
(%)

Fig. 5|Identification of critical residues for the interaction between pDPEP1
and the PHEV spike. a, Left: western blot confirmation of the incorporation
ofthe WT and mutant PHEV spikes into VSV pseudotypes. A His-tag added to
the spike C terminus was used for detection and the VSV M protein was used
asaloading control. Middle: PHEV pseudotypes were produced with WT or
theindicated mutant spikes and titrated on HEK293T cells expressing pDPEPI.
Pseudotype titres are shown. Right: HEK293T GFP-split cells were transfected
with pDPEP1and WT or mutant PHEV spikes. The fold change in cell-cell fusion
relative to the WT is shown. b, Top: western blot confirmation of WT and mutant
pDPEP1expression. A Flag-tag added to the pDPEP1 C terminus was used for
detection and GAPDH was used as aloading control. Bottom left: HEK293T were
transfected with WT or mutant pDPEP1and infected with PHEV pseudotypes.
Percentages of infection are shown. Bottom right: HEK293T GFP-split cells were
transfected with the PHEV spike and WT or mutant pDPEP1. The fold change in

L. europaeus

cell-cell fusion relative to the WT is shown. The statistical significance results
of aone-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons
testonlog-transformed data are shown: *P < 0.05, ***P < 0.001, ***P < 0.0001.
¢, Probability of different amino acids occupying the indicated positions
(numbers at the bottom) of mammalian DPEP1 orthologues (n = 225 mammal
species). Inverted triangles indicate the residues involved in the interaction
with the PHEV spike, with those in red forming polar interactions. d, HEK293T
cells were transfected with the pig (S. scrofa, E351) or hare (L. europaeus) DPEPI,
either WT (R351) or mutant (R351E), and infected with PHEV pseudotypes. The
percentage of infected cells is shown. The statistical significance results of
two-sided unpaired t-tests are indicated: ***P < 0.0001; P = 0.186. The bar
represents the mean and each dotis a technical replicate (n=3).Inaandb, the
bar represents the mean, each dot represents anindependent experiment (n = 2).

degree of conservation of DPEP1interface residues in 225 mammalian
species (Fig. 5¢c). Some contact residues were strongly conserved (for
example, F129, 1347, R348), but the majority, including the three resi-
duesinvolved in polar contacts with the PHEV RBD (D29, R130, E351),
showed some degree of variability (Extended DataFig. 7). In particular,
some species such as the European hare (Lepus europaeus) have an
arginine at position 351 (R351). In agreement with our mutagenesis
results, the hare DPEP1 (haDPEP1) orthologue was poorly able to medi-
ate entry of PHEV pseudotype into HEK293T cells (Fig. 5d). Mutating
thearginine to aglutamicacid (R351E) conferred haDPEP1 the ability to
mediate PHEV entry to the same level as pDPEP1 (Fig. 5d). These results
confirm the functional importance of this residue for the interaction
with the PHEV spike and suggest that it could be adeterminant of PHEV
cross-species transmissibility.

PHEV spike opening does not require sialoglycan binding

The spike protein fromembecoviruses MHV, HKUland OC43 adopts a
closed conformation in the absence of asialic acid ligand* . Binding of
the HKU1spike NTD to specificsialoglycanligands triggers an allosteric
conformational change that promotes RBD opening”** and exposure of

the protein-receptor binding site”. To explore whether this is the case
for PHEV, we studied its spike ectodomain by cryo-EM. The construct
was stabilized by mutation of the furin site to impair cleavage, and by
fusing a‘Foldon’ trimerization motif* at the C terminus, but without the
S2stabilizing proline mutations used in other studies***. We found that
inthe apostate, the PHEV spike displays the RBD in different configura-
tions, withroughly 25% of the trimersin the closed form (three RBDs in
the down position), 50%in the 1-RBD-up state, 13% with 2-RBDs-up and
12%in the open form (3-RBDs-up; Fig. 6a, and Supplementary Fig. 2 and
Table 4). Upon non-uniform refinement of the closed form, we obtained
acryo-EM map atan overall resolution of 3.4 A (Supplementary Table 4).
For the open conformations, as the number of up-RBDs increases,
their density becomes weaker (identified in Fig. 6a as ‘up/missing’),
indicating that they are highly flexible in this conformation. Evenin the
closed form, we found that the cryo-EM densities for the RBD tip and the
NTD upper subdomain containing the glycan-binding site were weak
(Supplementary Fig. 2), and hence performed a focused refinement
to improve their local resolution from ~6 A to 4.4 A, allowing model
building (Fig. 6b and Supplementary Table 4). The model showed that,
inthe PHEV apo structure, the elloop delimiting the glycan-binding site
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Closed spike
(25%)

................ Membrane

1-RBD-up spike
(50%)

2-RBD-up spike
(13%)

up/missing

Fig. 6 | Cryo-EM of the PHEV spike ectodomain. a, Refined cryo-EM maps of
different spike conformations obtained after 3D classification (Supplementary
Fig.2). The maps were filtered according to the local resolution to facilitate
comparison. Left: side views of the spike where each protomer is shownina
different colour (blue, white and dark grey). A dashed line in each panel indicates
the position of the viral membrane. Right: top view of the spike trimers, with a
subscript (A, B, C) labelling the protomers. Each conformation isidentified with
the number of RBDs in the ‘up’ position, and the number in parentheses indicates
the percentage of particles in each state. b, Cartoon representation of the
atomic model of the PHEV spike ectodomain in the closed state. For clarity, two
protomers are outlined and the third one shows S1domains and the S2 subunitin
different colours. ¢, Left: superposition of the PHEV NTD structure determined
by local refinement of the closed spike in the absence of aglycan ligand (apo,
blue) with HKUIA NTDs from a protomer in the down conformation not bound to
asialoglycan (apo-down, grey, PDB: 9BT2), from a protomer in adown yet active
conformation without abound glycan (apo-active, pink, PDB: 9BT9) and from a
protomer in adown yet active conformation bound to asialoglycan (Sia-active,

H

) PHEV-apo PHEV-apo
HKU1A-apo (down)

OCA43-sia
HKU1A-sia (active)

Viral membrane

violet, PDB: 9BTB). Right: structural superposition of the PHEVNTD from a closed
spike protomer without aligand (apo, blue), and 0C43 NTDs from closed spikes
without (apo, green, PDB: 60HW) or with a sialoglycan (Sia, brown, PDB: 6NZK).
d, Zoominto the NTD from the closed spike (b) with the el loop (residues 30-38)
highlighted in yellow. Dashed lines indicate hydrogen bonds. e, Zoom into the
contact region between pDPEP1 and the closed spike upon superposition of the
RBD-DPEP1 crystal structure on RBD,. DPEP1is shown with transparent surface

to facilitate the identification of the indicated secondary structure elements.
Glycans from DPEP1are shown in wheat, with the one attached to N57 penetrating
the spike. Glycans from the spike protomer B are indicated in black sticks. The
region where DPEP1 clashes with the spike is highlighted with awavy red outline.
f, Fitting of the RBD/pDPEP1 crystal structure into the density map of the open
spike.N and C termini are indicated with circled ‘N’ and ‘C’ letters, respectively.
pDPEP1is shown with the two RBD molecules found in the asymmetric unit.

The viral and cellmembranes are drawn to indicate the topology of the complex.
This figure was created with BioRender (https://BioRender.com/Iv890ké).

(residues 30-38) resembles the HKUINTD in its active conformation
(Fig. 6¢)"*%. Inthis active-like state, the PHEV el loopis displaced inwards
with respect to the HKUI-apo inactive conformation, T31 contacts W90,
P34 interacts with F95, the backbone of S35 forms a hydrogen bond with

the N77 backbone amide, S37 main and side chain atoms form hydro-
genbonds with F75 backbone, and S38 adopts a protruding position,
forming a ‘bulge’ (Fig. 6d). Overall, these observations indicate that
the PHEV spike trimer does not require glycan binding for opening, in
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contrast tothe HKU1spike and in agreement with our BLI experiments
showing that the spike trimer readily binds DPEP1 (Fig. 3g). Finally,
to evaluate potential conformational changes upon glycan binding,
we incubated the spike trimer with N-acetyl-9-O-acetylneuraminic
acid (9-O-acetyl-sialic acid, 9-O-Ac-Sia) and analysed it by cryo-EM
(Supplementary Fig. 3 and Table 5). Local refinement of neighbour-
ing NTD and RBD from the closed spike produced maps with extra
density in the glycan-binding site (Extended Data Fig. 10a), allowing
ustomodel theligandinteracting with canonical residues suchas T31,
K81, T83 and W90 (Extended Data Fig. 10b)>”*, Aligning the protom-
ers of the apo and holo closed spikes, or their locally refined NTDs,
resulted in CA-RMSDs of 0.86 A (1,154 atoms and 263 atoms aligned,
respectively; Extended DataFig.10c), indicating that 9-0-Ac-Siabinding
doesnotleadtointer-orintradomainrotations, as observedinthe holo
HKU1 spike”*. Following incubation with 9-O-Ac-Sia, the PHEV spike
adopted all of the above-described conformations including closed,
1-RBD-up, 2-RBD-up and open, but with a higher proportion of open
forms (Supplementary Fig. 3 and Extended Data Fig.10d).

DPEP1binds only open spikes

Finally, to understand whether spike opening is required for DPEP1
binding, we superimposed the RBD/pDPEP1 crystal structure onto
the closed spike (Fig. 6f) and evaluated the potential interaction of
thereceptor withdown-RBDs on the trimer. This exercise showed that
pDPEP1 cannot bind to a closed spike (for example, to RBD,) because
its a,-a, loop and the glycan attached to N57 in pDPEP1 would clash
with the counterclockwise down-RBD from a neighbouring protomer
(RBDg; Fig. 6fand Extended Data Fig. 7). Further steric hindrance could
be generated by the spike glycans at N198 and N662, which would lie
below pDPEP1 (Fig. 6f). We therefore conclude that DPEP1 can bind only
toRBDsinthe ‘up’ positionand that the receptor stabilizes open forms
ofthespike. Moreover, fitting the crystal structure of the RBD-pDPEP1
complexintothe cryo-EM density map of the open spikes further shows
that the two protomers of the pDPEP1 dimer cannot be reached by the
RBDs of asingle spike (Fig. 6g), indicating potential linkage of the spikes
by the dimeric receptor, as recently shown for SARS-CoV-2 (ref. 36).

Discussion

PHEV circulates subclinically inmost swine herds worldwide but causes
gastrointestinal and neurologic symptoms in immunologically naive
animals, being typically fatal in piglets less than 3-4 weeks of age™’.
Therefore, in the absence of a vaccine or treatment, PHEV poses an
economic threat to swine herds. The identification of DPEP1as a func-
tional PHEV receptor may facilitate the development of new antivirals
targeting entry. Previous work showed the involvement of attachment
factorsinviral entry, including 9-O-acetylated sialic acids, heparan
sulfates, the neural celladhesion molecule (NCAM) and the MERS-CoV
receptor DPP4 (refs. 8,38-40), but bonafide proteinaceous receptors
were unknown for PHEV.

In humans, the main function of DPEP1 is to hydrolyse several
dipeptides in renal metabolism. To our knowledge, DPEP1 has not
beeninvolved previously in viral infections. In pigs, DPEP1 is mainly
expressed in the kidney and gastrointestinal tract”, which s consistent
with the gastrointestinal symptomatology of PHEV infection. However,
DPEP1does not appear to be highly expressed in the pig brain, despite
the fact that PHEV is also neurotropic*. Low DPEP1 expression in the
brainmay be sufficient to allow infection, or PHEV could use a different
receptor in brain cells. Of the five other genes whose expression cor-
related with PHEV infectivity in the NCI-60 panel, four are expressed in
the pig brain*. Investigating whether they may also function as PHEV
receptors warrants further study.

Although viruses from the same species usually use the same
receptor for viral entry, our study shows that DPEP1 is specific to the
PHEV spike. Diversity in receptor usage among members of the beta-
coronavirus1speciesis probably related to the complex evolutionary

history of coronaviruses, which combines a high mutationrate, exten-
sive recombination, frequent host jumps and host adaptation. Impor-
tantly, how DPEP1 usage was acquired by PHEV during evolution of the
betacoronavirus 1species remains an open question. PHEV may have
acquired its RBD following recombination with an unknown virus or
rapid divergence through accumulation of positively selected muta-
tions. We were unable to identify a clear candidate for the origin of the
PHEV RBD. Therefore, more work, including novel virus discovery, is
needed to understand how and when PHEV acquired DPEP1 usage.

Althoughbetacoronavirus1 members are host specific, we found
that the PHEV spike is compatible with human DPEP1. In contrast, other
DPEP1 orthologues did not allow PHEV entry (for example, European
hare). The extent of cross-species compatibility of the PHEV spike with
mammalian DPEP1 proteins needs to be further explored, as this would
help to assess the cross-species transmission potential of PHEV. Indeed,
despite widespread subclinical circulation of PHEV in pig farms, its
ability to infect other mammals, including humans, remains unclear.
In particular, whether PHEV causes asymptomatic infections that go
undetected, or whetherimmunological or post-entry barriers prevent
itsreplicationin non-pig hosts, remains to be determined.

Our results argue against a conserved entry mechanism for all
embecoviruses. Forinstance, despite preserving the HE-coding gene,
sialic acid promotes but is not required for PHEV entry, in clear con-
trast with HKU1, OC43 and BCoV. This may be due to the ability of
the PHEV spike to adopt open and active conformations even in the
absence of a glycan ligand. Specifically, the el loop could adopt a
conformation primed for conversion to the RBD-up form in the apo
state of the PHEV spike. Nevertheless, further stabilization could
be achieved by binding a sialoglycan, as evidenced by the increased
proportion of RBD-up forms upon incubation with 9-O-Ac-Sia. A
less prominent role for glycan binding is consistent with studies
reporting that the PHEV spike has 1,450- and 45-fold lower affinity for
sialoglycans compared with those of BCoV and 0C43, respectively®.
Besides, the higher frequency of RBD opening in the apo state may
compensate for the low affinity of the PHEV RBD for DPEP1. We hence
propose that, instead of the HKU1 two-step entry mechanism, PHEV
follows a model similar to that of SARS-CoV-2, in which a protein
receptor binds to spontaneously ‘up’ RBDs. Nevertheless, our work
reveals a conserved binding mode among RBDs from embecoviruses,
despite the observed diversity in RBD sequences and receptor speci-
ficity. The structural organization of the RBD confers it aremarkable
versatility in receptor binding, whereby different sequence motifs
can be accommodated into the tip, enabling changes in receptor
usage. In particular, the observed insertions/deletions at the tip of
the betacoronavirus 1RBD may be responsible for the receptor usage
diversity within this species.

Insum, we have identified anew coronavirus receptor and shown
thatembecoviruses have divergent mechanismstoregulate the open-
ing of the spike protein, yet they use the RBD tip to recognize differ-
ent receptors. This parallels the ability of other betacoronaviruses
such as sarbeco- and merbecoviruses to adapt acommon RBD scaf-
fold to different receptors. Embecoviruses seem to have achieved
such versatility by exchanging only small pieces that are confined
to the RBD tip, as opposed to the larger variable region observed in
other betacoronaviruses.

Methods

Cell lines

The NCI-60 panel was obtained from the National Cancer Institute.
The panel consists of 60 well-characterized cancer cell lines from
various origins. A total of 48 adherent cell lines were included in our
analysis. Their identity was confirmed by short tandem repeat (STR)
genotyping, as previously described'. NCI-60 cell lines were cul-
tured in RPMI medium (Gibco) supplemented with 10% FBS (Gibco),
10 units ml™ penicillin, 10 pg ml™ streptomycin (Gibco), 250 ng m1™
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amphotericin B (Gibco) and 5 pg mI™ prophylactic plasmocin (Invivo-
Gen). HEK293T-GFP1-10 and HEK293T-GFP11 cells were kindly provided
by Olivier Schwartz (Institut Pasteur, Paris, France) and were cultured
in DMEM medium supplemented with 10% fetal bovine serum (FBS), 1%
non-essential amino acids, 10 U ml™ penicillin, 10 pg ml™ streptomycin,
250 ng ml™ amphotericin B and 1 pg ml™ of puromycin (Gibco). PK-15
(Cytion, 607426) and swine primary kidney cells (generated in-house
by the National Veterinary Services Laboratories (NVSL), US Depart-
ment of Agriculture (USDA), Ames, IA, USA) were cultured in MEM
(Gibco) supplemented with 10% FBS, 10 U mI™ penicillin, 10 pg mI™
streptomycin and 250 ng ml™ amphotericin B. All cell lines were grown
at37°Cand 5% CO,, and were regularly shown to be free of mycoplasma
contamination by PCR.

Plasmids

The genes encoding the full PHEV (GenBank DQO011855.1), 0C43
(RefSeq NC_006213.1), BCoV (RefSeq NC_003045.1), ECoV (Gen-
Bank EF446615.1), CRCoV (GenBank EU983106.1), HKU24 (RefSeq
NC_026011.1), SARS-CoV-2 (RefSeq YP_009724390.1) and MERS-CoV
(RefSeq YP_009047204.1) spikes were codon optimized for human
expression, synthesized and cloned into a pcDNA3.1 vector bearing
a C-terminal 6xHis tag (Genscript). The HKU1 spike-encoding plas-
mid was described previously*’. To obtain the human DPEP1 (also
called human renal dipeptidase, RefSeq NM_001389466.1 with the
rs1126464 single nucleotide polymorphism) and TMPRSS2 (RefSeq
NM_005656.4) coding sequences, total RNA was extracted from
HEK293T or SW-620 cells, respectively, reverse-transcribed using
Oligo(dT) and Superscript IV (Invitrogen), amplified by PCR using
Phusion Hot Start I DNA polymerase (Thermo Scientific) with specific
primers (hDPEP1: 5'-ttaaacttaagcttgccaccatgtggageggatggtggctg-
3';5-tcgtcgtcatecttgtaatccaggagagacagacagaggacc-3’; hTMPRSS2: 5'-
ttaaacttaagcttgccaccatggcetttgaactcaggg-3’, 5'- tcgtcgtcatc
cttgtaatcgccgtctgecctcatttg-3’) and cloned into apcDNA3.1-Flag vec-
tor using the NEBuilder HiFi DNA Assembly kit (New England Bio-
labs) following manufacturer instructions. The pig (S. scrofa, RefSeq
NM_214108.1), hare (L. europaeus, RefSeq XM_062176926.1), cat-
tle (B. taurus, RefSeq NM_001034472.2) and dog (C. lupus, RefSeq
XM_536748.7) orthologues of DPEP1 were synthesized and cloned
into a pcDNA3.1-Flag vector (Genscript). pDPEP1, haDPEP1 and PHEV
spike mutants were obtained by site-directed mutagenesis using the
QuikChange II XL Site-Directed Mutagenesis kit (Agilent) accord-
ing to manufacturer instructions. Mutagenesis primers are listed in
Supplementary Table 6. Successful mutagenesis was confirmed by
whole plasmid sequencing (Plasmidsaurus or Eurofins).

Phylogenetic analysis of embecovirus spikes

Multiple sequence alignments of embecovirus spike proteins were
performed using the Clustal omega tool in Molecular Evolutionary
Genetics Analysis Version 11 (MEGA11) software with default parame-
ters*. Evolutionary history was inferred using the maximum-likelihood
method and the)JTT matrix-based model**. The tree with the highest log
likelihood is shown. Initial tree(s) for the heuristic search were obtained
automatically by applying neighbour-joining and BioNJ algorithms to
amatrix of pairwise distances estimated using the JTT model, and then
selecting the topology with superior log likelihood value. The tree was
drawn to scale, with branch lengths measured by the number of sub-
stitutions per site. Bootstrap analysis was used to test the robustness
of the tree topology (100 resamplings). Spike protein similarity plots
were built using the SimPlot++software*, witha100-amino-acid sliding
window and a10-amino-acid step.

VSV pseudotyping

T75flasks were coated with poly-D-lysine (Gibco) for 2 hat 37 °C, washed
with water and seeded with 8 x 10° HEK293T cells. The following day,
cellswere transfected with 30 pg of plasmid encoding for PHEVS, VSV-G

or an empty vector using Lipofectamine 2000 (Invitrogen) following
manufacturer instructions. At 24 h post transfection, cells wereinocu-
lated at amultiplicity of infection (MOI) of 3 infectious units per cell for
1hat37°Cwith a VSV encoding GFP, lacking the glycoprotein gene G
(VSVAG-GFP) and previously pseudotyped with G. Cells were washed
three times with PBS, and 8 ml of DMEM supplemented with 2% FBS
were added. Supernatants containing pseudotypes were collected 24 h
later, cleared by centrifugation at 2,000 g for 10 min, passed through
a0.45-pmfilter, aliquoted and stored at —80 °C.

Infection of the NCI-60 panel

Cells were seeded in 96-well plates the day before the infection. Pseu-
dotypes were mixed 1:1 with an anti-VSV-G monoclonal antibody to
remove residual VSV-G and incubated for 20 min at 37 °C. Cell cul-
ture medium was removed and cells were inoculated with 50 pl of the
antibody-treated pseudotypes. Plates were incubated for 2 hat 37 °C
and 50 pl of RPMI medium supplemented with 5% FBS were added to
each well. After 20 h, cells were imaged in the Incucyte SX5 Live-Cell
Analysis System (Sartorius). The infected cell percentage was cal-
culated as the ratio between cell confluence and the percentage of
GFP-positive area, both quantified automatically with the Incucyte
Analysis software. Cells were also infected with a bald pseudotype to
measure the background signal resulting from cell auto-fluorescence
orresidual VSV-G-pseudotyped particles. The values obtained in these
negative controls were subtracted from the corresponding PHEV pseu-
dotype measurements. All corrected infection values below 0.1% were
set to 0.1% (infectivity threshold).

Gene correlation analyses

We normalized infectivity data as previously described'. The pro-
portion of infected cells, Q, was measured as the ratio between the
GFP area and cell confluence. We transformed Q-values into MOls
as follows: MOI = -In(1-Q). Relative MOI values were then calculated
as R=100 x MOI/max(MOI). Finally, values were log transformed as
log,(R +1), and the two log,(R +1) data obtained in each experimental
replicate were averaged. Processed RNA-seq and microarray datasets
were downloaded from the CellMiner website (discover.nci.nih.gov/
cellminer/loadDownload.do, ‘RNA-seq - composite expression’ and
‘Agilent mRNA -log?2’ files). These transcriptomic data were available
forall cell lines except MDA-MB-468. RNA-sequencing data were avail-
able aslog,(rpkm+1) and microarray data as log,(intensity values). For
each gene, RNA-seq and microarray data were first separately scaled
as apercentage of the maximal expression value observed among the
47 celllines. For each cell line-gene combination, scaled RNA-seq and
microarray data were then averaged. The average expression data of
each gene encoding a membrane-associated protein (7,694 genes)
was correlated to log,(R +1) infectivity data across the 47 cell lines
using Pearson correlation. Bonferroni multiple test correction was
applied to identify genes whose expression correlated significantly
withinfection levels.

Cell-cell fusion assay

The cell-cell fusion assay was performed as previously described*.
Briefly, HEK293T-GFP1-10 and HEK293T-GFP-11 were mixed at a :1 ratio
(total of 6 x 10* cells per well of a 96-well plate) and were co-transfected
with PHEV spike and DPEP1 expression plasmids (or empty vectors) ata
I:1ratio (100 ngtotal DNA) using Lipofectamine 2000 (Invitrogen) fol-
lowing manufacturer instructions. For the TMPRSS2 assays, cells were
transfected with spike, hDPEP1and hTMPRSS2 expression plasmids (or
empty vectors) atal:1:1ratio (100 ng of total DNA). Plates were placed
at37°Cand 5% CO,inanIncucyte SX5 Live-Cell Analysis System (Sarto-
rious). GFP signal and phase contrastimages were analysed at 18-24 h
post transfection. The percentage of fusion was calculated as the ratio
between GFP areaand cell confluence, both quantified automatically
with the Incucyte Analysis software.
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CRISPR-Cas9 DPEP1 knockout

Obtention of HCT-15-Cas9 cells. To produce Cas9-encoding len-
tiviral vectors, 10° HEK293T cells were plated in each well of a 6-well
plate and transfected 24 h later with a 1:1:1 mix (2.5 pg total DNA) of
Cas9-encoding pXPR111(Addgene, 96924), Gag-Pol-encoding psPAX2
(Addgene, 12260) and VSV-G-encoding pMD2.G (Addgene, 12259) using
Lipofectamine 3000 (Invitrogen) following manufacturer instruc-
tions. Lentiviral preparations were collected at 48 h post transfection,
cleared by centrifugation at 2,000 g for 10 min, aliquoted and stored
at —80 °C. HCT-15 cells were seeded in poly-D-lysine-coated 12-well
plates and spinoculated the next day at 1,000 gfor 2h at 30 °C with a
1:5 dilution of the Cas9-encoding lentiviral vector in the presence of
10 pg ml™ polybrene. The following day, cells were washed once with
PBS and fresh RPMI supplemented with10% FBS was added. At 48 h post
infection, blasticidin (5 ug ml™) was added to select Cas9-expressing
cells for atleast 7 days.

Obtention of DPEP1-KO HCT-15-Cas9 cells. Guide RNAs (gRNAs)
against DPEPI (#1: 5-AGAACAAAGACGCCGTGCGG-3’; #2: 5-CCAA
ACTGCTGTCAATGGAG-3’) were designed using the CRISPick soft-
ware”. gRNA-coding oligonucleotides were annealed and ligated
into BsmBI-digested pRDA-118 vector (Addgene, 133459). To produce
gRNA-encoding lentiviral vectors, 10° HEK293T cells were plated
per well of a 6-well plate and transfected 24 h later with a 1:1:1 mix
(2.5 pg total DNA) of pRDA-118-gRNA, Gag-Pol-encoding psPAX2
(Addgene, 12260) and VSV-G-encoding pMD2.G (Addgene, 12259) using
Lipofectamine 3000 (Invitrogen) following manufacturer instruc-
tions. Lentiviral preparations were collected at 48 h post transfec-
tion, cleared by centrifugation at 2,000 g for 10 min, aliquoted and
stored at —80 °C. HCT-15-Cas9 cells were spinoculated as described
above with a 1:5 dilution of the gRNA-encoding lentiviral vectors.
At 48 h post infection, puromycin (10 pg ml™) was added to select
gRNA-expressing cells for at least 7 days. Gene KO was confirmed by
Sanger sequencing of PCR-amplified genomic DNA and Tracking of
Indels by Decomposition analysis*®.

Inhibition of cysteine and serin proteases

HCT-15 cells were pretreated with 100 pM of camostat mesylate (serine
protease inhibitor; Sigma-Aldrich), E-64d (cysteine protease inhibi-
tor; Sigma-Aldrich) or vehicle controls for1 hat 37 °C. Cells were then
infected with PHEV pseudotypes as described above. After 20 h, cells
wereimaged intheIncucyte SX5Live-Cell Analysis System (Sartorius).
The percentage of inhibition was calculated as 100 x (GFP area with
vehicle — GFP area with inhibitor)/(GFP area with vehicle). Negative
inhibition percentages were set to zero.

Neuraminidase treatment

HCT-15 cells (for PHEV pseudotypes) or TMPRSS2-transfected
HEK293T cells (for HKU1 pseudotypes) were plated in a 96-well plate
in the presence or absence of 40 pg ml™ of neuraminidase (NA) from
Clostridium perfringens (Sigma-Aldrich). The next day, cells were
infected with PHEV, HKU1 or VSV-G pseudotypes as described above,
in the presence or absence of 40 pg ml™ NA. Cells were also infected
with a GFP-expressing influenza A virus (IAV, strain PR8) as a positive
control for sialic acids depletion. After 18-24 h, cells were imaged in
the Incucyte SX5 Live-Cell Analysis System (Sartorius). The infected
cell percentage was calculated as the ratio between cell confluence
and the percentage of GFP-positive area, both quantified automatically
with the Incucyte Analysis software.

Pseudotype infectivity competition assay

PHEV pseudotypes were pre-incubated 1:1 with anti-VSV-G antibody
and with serial dilutions of soluble hDPEP1 (Sino Biologicals) or
vehicle (H,0) for 1 h at 37 °C, and then used to infect either HCT-15 or
hDPEPI-transfected HEK293T cells seeded the previous day in 96-well

plates. The percentage of infected cells at 18-24 h post infection was
measured using the Incucyte SX5 Live-Cell Analysis System (Sartorious)
and the Incucyte Analysis software.

Flow cytometry measurement of hDPEP1 binding

HEK293T cells were seeded in 6-well plates. The next day, they
were transfected with 2.5 pg of spike-encoding plasmid using Lipo-
fectamine 2000 following manufacturer instructions. After 24 h, cells
were detached gently with cold staining buffer (PBS, 0.5% BSA, 2 mM
EDTA) and incubated with serial dilutions of soluble recombinant
hDPEP1 (Sino Biologicals) for 30 min at 4 °C. Cells were washed with
PBS and incubated with an anti-DPEP1 antibody (Atlas Antibodies,
HPA012783, dilution 1:100) for 30 min at 4 °C. After another wash
with PBS, cells were incubated with a goat anti-rabbit IgG-AF647
secondary antibody (Invitrogen, A32733, dilution 1:400) for 30 min
at4 °C. Cells were fixed with 4% paraformaldehyde for 10 minat room
temperature, washed with PBS and resuspended in staining buffer.
Cellswere analysed ona FACSVerse (BD Biosciences) flow cytometer
and results were analysed using the FlowJo software (v.10.10). The
median fluorescence intensity (MFI) obtained at each soluble hDPEP1
concentration was normalized to the one obtained in the absence of
soluble hDPEP1.

Full virus competition assay

PHEV (strain 67N) was obtained from the NVSL, USDA and was propa-
gated in swine kidney primary cells (SPKC) as previously described®.
For the competition assay, SPKC and PK-15 cells were plated ina12-well
plate. The next day, the virus was incubated with soluble hDPEP1 (Sino
Biologicals) or vehicle (H,0) at a concentration of 25 pg ml™ for 30 min
at 37 °C. Cells were then inoculated with 100 pl of treated virus and
incubated for 2 h at 37 °C. Cells were washed three times with PBS
and 1 mlof MEM supplemented with 2% FBS was added. Supernatants
were collected at 2,12,24 and 48 h post-inoculation and viral RNA was
extracted using the NZY Viral RNA Isolation kit (NZYtech) according
to manufacturer instructions. Viral RNA (PHEV N) was quantified by
RT-qPCR using previously published primers and probe®, and the
TagPath 1-Step RT-qPCR Master Mix (Applied Biosystems) according
to manufacturer instructions.

Western blot

A1l-mlvolume of supernatant containing pseudotype was pelleted by
centrifugationat30,000 gfor2 hat4 °Candlysedin 30 pl of NP-40 lysis
buffer (Invitrogen) for 30 min onice. Around 5 x 10° transfected cells
were lysedin 50 pl of NP-40 lysis buffer (Invitrogen) for 30 minonice.
Lysates were cleared by centrifugation at 15,000 g for 10 min at 4 °C.
Cleared lysates were mixed with 4x Laemlli buffer (Bio-Rad) supple-
mented with10% -mercaptoethanol and denatured at 95 °C for 5 min.
Proteins were separated by SDS-PAGE on a4-20% Mini-PROTEAN TGX
Gel (Bio-Rad) and transferred onto a 0.45 pm PVDF membrane (Thermo
Scientific). Membranes were blocked for 1 h at room temperature in
TBS-T (20 mM Tris, 150 mM NaCl, 0.1% Tween-20, pH 7.5) supplemented
with 3% BSA (Sigma). Membranes were thenincubated for1hatroom
temperature with the following primary antibodies: mouse anti-His-Tag
(dilution1:1,000, clone HIS.HS, Invitrogen, MA121315), mouse anti-Flag
(dilution1:1,000, clone M2, Sigma-Aldrich, F1804), mouse anti-VSV-M
(dilution1:1,000, clone 23H12, Kerafast, EBO011) and rabbit anti-GAPDH
(dilution 1:3,000, Sigma-Aldrich, ABS16). Membranes were washed 3
times with TBS-T and incubated for 1 h at room temperature with an
HRP-conjugated anti-mouse (dilution1:50,000, Invitrogen, G-21040)
oranti-rabbit (dilution1:50,000, Invitrogen, G-21234) secondary anti-
body. After 3washesin TBS-T, the signal was revealed with SuperSignal
West Pico PLUS (Thermo Scientific) following manufacturer instruc-
tions. Imageswereacquired onanlmageQuant LAS 500 (GE Healthcare)
and analysed with Fiji software. Uncropped western blot images are
provided as Source Data files.
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Construct design for protein expression and purification
Codon-optimized synthetic genes coding for the PHEV spike (residues
15-1,274, GenBank AAY68297.1), pDPEPI (residues 17-385, GenBank
CAA37762.1,UniProt P22412) and SARS-CoV-2 Omicron BA.4/5 spike™
(residues1-1,208, Wuhan numbering) were purchased from Genscript.
Cloning of these genes was also performed by Genscript. hDPEP1
(residues 17-385) was amplified from the plasmid used for functional
assays described above and Q351 was mutated to E351, matching
the Uniprot sequence P16444. Plasmids coding for the SARS-CoV-2
Wuhan RBD and soluble ACE2 have been previously described" .The
PHEV-spike ectodomain was stabilized in the prefusion form by intro-
ducing mutations in the furin site (*'RSRR™* to *'GSAG™*) and adding
a Foldon (YIPEAPRDGQAYVRKDGEWVLLSTFL) trimerization motif
at the C terminus. This construct was cloned into pCAGGS with an Ig
kappa signal peptide (METDTLLLWVLLLWVPGSTG) and a thrombin
cleavage site at the C terminus (LVPRGS) followed by His- (HHHHH-
HHH), Strep- (WSHPQFEK) and Avi tags (GLNDIFEAQKIEWHE). This
plasmid was used as a template to amplify the PHEV RBD (residues
327-605) coding sequence, which was cloned into pCAGGs with the
same signal peptide and tags as the spike. The SARS-CoV-2 Omicron
BA.4/5 spike ectodomain was stabilized with six proline mutations
in S2 (equivalent to F817P, A892P, A899P, A942P, K986P and V987P,
Wuhan numbering), the abrogation of furin cleavage (**RRAR®® to
$82GSAS®®, Wuhan numbering) and the addition of a C-terminal Foldon
motif. This construct was cloned in the pCl-Neo plasmid, followed by
His, Strep and Avi tags.

Soluble pDPEP1 was cloned into a modified pcDNA3.1(+) vector,
which contains a CMV exon-intron-exon sequence to boost expression,
downstream of the CDS5 signal peptide (MPMGSLQPLATLYLLGMLVAS-
CLG) and upstream of an enterokinase cleavage site (DDDDK) and a
double Strep tag. pDPEP1 and hDPEP1 constructs (DPEP1-Avi) were
designed with a single Strep sequence followed by the Avi tag after
the enterokinase site.

For expression in insect cells, the PHEV RBD and pDPEP1 were
clonedinto amodified pMT/BiP plasmid (Invitrogen; hereafter termed
pT350), which translates the protein in frame with an enterokinase
cleavage site and a double strep tag at the C-terminal end.

Protein expression and purification

Protein expression and purification for X-ray crystallography.
Plasmids encoding the PHEV RBD or pDPEP1 were co-transfected with
the pCoPuro plasmid for puromycin selectionin Drosophila Schneider
line 2 cells (S2) using the Effectene transfection reagent (Qiagen).
The cell lines underwent selection in serum-free insect cell medium
(HyClone, Cytiva) containing 7 pg ml™ puromycin and 1% penicillin/
streptomycin. For protein production, the cells were grown in spin-
ner flasks until the density reached 107 cells per ml, at which point the
protein expression was induced with 4 pM CdCl,. After 6 days, the
cultures were centrifuged, and the supernatants were concentrated
and used for affinity purification in a Strep-Tactin column (IBA).
The strep tags were removed by incubating the proteins with 48-60
units of Enterokinase light chain (BioLabs) in the elution buffer sup-
plemented with 2 mM CaCl,, at room temperature, overnight. The
proteolysis reactions were buffer exchanged into 10 mM Tris, 100 mM
NaCl, pH 8.0 and subjected to a second affinity purification, recov-
ering the flow-through fraction containing the untagged proteins.
The proteins were concentrated and the enzymatic deglycosylation
with endoglycosidase D (EndoD, 500 units) and endoglycosidase
H (EndoH, 1,000 units) was set up at room temperature following
overnightincubationin 50 mM Naacetate,200 mM NaCl, pH5.0. The
proteins were further purified on a size exclusion chromatography
(SEC) Superdex 20016/600 (Cytiva) column in 10 mM Tris, 100 mM
NaCl, pH 8.0 and concentrated in VivaSpin concentrators. The purity
of the final protein samples was analysed by SDS-PAGE followed by
Coomasie blue staining.

Purification of complexes used for crystallization screenings. The
PHEV RBD was incubated with pDPEP1 (after enterokinase cleavage
and deglycosylation) at final concentrations of 150 uM and 42.3 uM
(dimer), respectively. Following overnightincubationat4 °C, the reac-
tionwasloaded onto aSuperdex 20010/300 increase column (Cytiva)
equilibrated in 10 mM Tris-HCl and 100 mM NacCl (pH 8.0) to isolate
the complex by SEC. Eluted fractions were analysed by SDS-PAGE and
those corresponding to the complex were pooled, concentrated to
8.8 mg ml™and used in crystallization trials.

Protein expression and purification for biophysical assays
and cryo-EM. pDPEP1, pDPEP1-Avi, hDPEP1-Avi, ACE2, PHEV
RBD, SARS-CoV-2 RBD, PHEV-spike and SARS-CoV-2 spike
ectodomain-encoding plasmids were transiently transfected into
Expi293F cells (Thermo Fisher, A14527) using FectoPro DNA transfec-
tion reagent (PolyPlus). After 5 days at 37 °C, cells were collected by
centrifugation and proteins from the supernatants were purified by
affinity chromatography in a Strep-Tactin column (IBA). The eluted
fractions were pooled, concentrated and loaded onto a Superdex 200
10/300 increase column (Cytiva) (RBDs, DPEP1, ACE2) or a Superose
610/300 increase column (Cytiva) (spikes) that had been previously
equilibrated in 10 mM Tris-HCl and 100 mM NacCl (pH 8.0). Fractions
from each main peak were concentrated and frozen. The purity of the
final protein samples was analysed by SDS-PAGE followed by Coomasie
blue staining.

Crystallization and structural determination

Crystallization screeningtrials were carried out by the vapour diffusion
method using aMosquito nanodispensing system (STPLabtech) follow-
ing established protocols™. The best crystals of the PHEV RBD-pDPEP1
complexwere obtained in 0.1 M 2-(N-morpholino)ethanesulfonicacid
(MES, pH 6.0), 0.2 M zinc acetate and 10% w/v polyethylene glycol
(PEG) 8000 at 18 °C using the sitting-drop vapour diffusion method.
Crystals were flash frozen by immersioninto a cryo-protectant contain-
ing the crystallization solution supplemented with 33% (v/v) ethylene
glycol (EG), followed by rapid transfer into liquid nitrogen. The X-ray
diffraction data were collected at 100 K at the Proxima 2A beamline
of the SOLEIL synchrotron source (Saint Aubin, France)*. Data were
processed, scaled and reduced with XDS** and AIMLESS®. The struc-
tures were determined by molecular replacement using Phaser from
the PHENIX suite®, with search ensembles obtained from AlphaFold3
(ref. 26) (PHEV RBD) and the crystal structure of hDPEP1 (PDB: 1ITQ).
The final models were built by combining real-space model buildingin
Coot” with reciprocal space refinement with phenix.refine. The final
modelwas validated with Molprobity®®. The analyses of the macromo-
lecular surfaces were carried out in PDBePISA®. Figures were created
using Pymol®, Chimera® and BioRender.com.

Sample preparation for cryo-EM

Of the PHEV-spike ectodomain (0.6 pM trimer), 3 pl were added to
Quantifoil R1.2/1.3 200 mesh copper grids (Delta microscopies), which
had been glow discharged twice using a Pelco glow discharge sys-
tem at 15 mA for 25 s. Samples were vitrified in 100% liquid ethane
using a Mark IV Vitrobot (Thermo Fisher) by blotting for 3.5 s with
Whatman No. 1 filter paper at 8 °C and 100% relative humidity, after
a 15-s waiting time. To evaluate the effect of sialic acid binding, the
PHEV-spike ectodomain (0.7 pM trimer) was incubated with 1 mM
N-acetyl-9-O-acetylneuraminic acid (TCI, A3414, CAS: 55717-54-9)
for 1h at room temperature and then used to prepare the grids as
indicated before.

Cryo-EM data collection, processing, refinement and modelling
Data collection was performed on a Glacios transmission electron
microscope (Thermo Fisher) operating at 200 kV, using the EPU
automated image acquisition software (Thermo Fisher). Movies were
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collected onaFalcon4idirectelectron detector operatingin counted
mode at anominal magnification of x240,000 (0.58 A per pixel) using
adefocusrange of —0.75to-2.5 pm. Movies were collected over al.8-s
exposure and atotal dose of ~40 e~ A2. The data processing workflows
aresummarized in Supplementary Figs. 2 and 3. Briefly, allmovies were
motion corrected and dose weighted with MotionCorr2 (ref. 62), and
the aligned micrographs were used to estimate the defocus values
with patchCTF within cryoSPARC®. CryoSPARC blob picker was used
forautomated particle picking. The resulting particles were extracted
(binning4,2.32 A per pixel) and used to obtain initial two-dimensional
(2D) classes. The classes without clear features or with poor alignment
were discarded, and the remaining particles were re-extracted (binning
2,1.16 A per pixel) and used for anew round of 2D classification. Then,
three ab initio 3D models were generated in CryoSPARC, followed by
heterogeneous refinement. The particles from the best class were
subjected to CryoSPARC 3D classificationinto 10 classes without initial
volumes or masks. The maps from the different classes were analysed
to assign them a conformation (closed, 1-RBD-up, 2-RBD-up, open, or
unidentifiable). Particles from the classes corresponding to the same
conformational state were submitted to non-uniform refinement in
CryoSPARC (C3 symmetry applied to the ‘closed’ and ‘open’ conforma-
tionmaps)®*. The final maps were sharpened with DeepEMhancer® and
the local resolution was estimated in CryoSPARC. Structural details
on the NTD were obtained using masks encompassing neighbouring
RBD and NTD (closed forms of apo and holo spike), or the NTD alone
(open holo spike). Particles from the non-uniform refinement maps
were used for symmetry expansion (C3), particle subtraction and
local refinement in CryoSPARC. The final maps were sharpened with
DeepEMhancer® and thelocal resolution was estimated in CryoSPARC.
Model building of the NTD started with an AlphaFold3 model of the
trimeric full-length spike (ipTM: 0.82; pTM: 0.82), from which the
NTD was isolated, and the crystal structure of the RBD. They were
fitted into the EM map of the locally refined closed apo state using
UCSF Chimera. Then, amolecular dynamics flexible fitting followed by
real-space refinement was performed with the Namdinator tool®®. After
that, iterative rounds of manual building and real-space and B-factor
refinement in Coot and Phenix*® were performed, using secondary
structure restraints. The atomic model of the spike protomer was built
on the basis of the AlphaFold3 prediction, where the RBD and NTD
werereplaced by those resulting from the previous step. As before, the
protomer was submitted to flexible fitting on Namdinator and iterative
rounds of manual building and real-space and B-factor refinement in
Coot and Phenix*®. Then, symmetry operators were obtained from
the EM map with the map-symmetry tool from Phenix, and they were
used to placethethree copies of the protomer within the trimeric map
with the apply-NCS-operators Phenix tool. A final round of real-space
refinement was performed in Phenix. The models of the holo-states
were built from the apo structures, which were fitted into the maps
with UCSF Chimera, and submitted to flexible fitting on Namdinator
and iterative rounds of manual building and real-space and B-factor
refinement in Coot and Phenix*. Validation of model coordinates was
performed using MolProbity.

BLI

The affinity of recombinant proteins was assessed in real time using
abiolayer interferometry Octet-R8 device (Sartorius). Initial bind-
ing experiments were performed by loading nickel-nitriloacetic acid
(Ni-NTA) capture sensors (Sartorius) for 10 min at 1,000 r.p.m. shak-
ing speed with the PHEV RBD at 200 nM (or the SARS-CoV-2 RBD at
100 nM) in PBS. The sensors were then blocked with PBS containing
BSA at 1.0 mg ml™ (assay buffer) and incubated at 1,000 r.p.m. with
2-fold serially diluted concentrations (500 nM to 15.6 nM) of pDPEP1
(or hACE2) in assay buffer. Association and dissociation were moni-
tored for 240 s and 180 s, respectively. A sample reference measure-
ment was recorded from a sensor loaded with each RBD and dipped

in the assay buffer. Specific signals were calculated by subtracting
non-specific signals obtained for the sample reference from the signals
recorded for the RBD-loaded sensors dipped in pDPEP1 (or hACE2)
solutions. Two independent experiments were performed but only
the curves obtained at 500 nM in the first experiment were chosen
for Fig. 3. Experiments to evaluate binding of the PHEV spike were
performed with pDPEP1-Avi. This protein was biotinylated with a kit
(Avidity) following manufacturer instructions, and the reaction buffer
was exchanged to PBS. Biotinylated pDPEP1-Avi (50 nM dimer) was
immobilized on streptavidin capture sensors (Sartorius) for 10 min
at 1,000 r.p.m. shaking speed. The sensors were then blocked with
assay buffer and incubated with 2-fold serially diluted concentrations
(100 nMt03.125 nM) of PHEV spike (or Omicron BA.4/5 spike used asa
control) in assay buffer. Association and dissociation were monitored
for 240 s. Asample reference measurement was recorded from a sen-
sor loaded with pDPEP1-Avi and dipped in the assay buffer. After each
dissociation step, the sensors were regenerated by dipping them for
30sin10 mM acetate buffer (pH 4.0) and 30 s in PBS (three times).
Affinity of the recombinant PHEV RBD towards pDPEP1and hDPEP1was
determined following a similar protocol. Streptavidin capture sensors
(Sartorius) were loaded for 10 min at1,000 r.p.m. shaking speed with
biotinylated pDPEP1-Aviat 50 nM (dimer) in PBS. The sensors were then
blocked with assay buffer, and incubated at 1,000 r.p.m. with 2-fold
serially diluted concentrations (starting at 8, 6 or 4 uM) of PHEV RBD
in assay buffer. Association and dissociation were monitored for 240 s.
Asamplereference measurement was recorded from a sensor loaded
with pDPEP1-Avi and dipped in the assay buffer. Regeneration steps
were performed with10 mM acetate buffer (pH4.0) asindicated before.
The steady-state signal was plotted against the analyte concentration,
and the curve was fitted assuming a 1:1 binding model. Six (pDPEP1)
or three (hDPEP1) independent experiments were performed and the
dissociation constant (K;) values from each of them were averaged and
used to calculate the standard deviation.

Statistics and reproducibility

Statistics were performed in GraphPad Prism v.10. All details about
statistical tests canbe foundin the figure legends or in the main text. No
statistical method was used to predetermine sample size. No datawere
excluded from the analyses. The experiments were not randomized.
The investigators were not blinded to allocation during experiments
and outcome assessment.

Biosafety

All viruses were handled under BSL-2 conditions at the facilities of
the Institute for Integrative Systems Biology. The procedures were
approved by the Biosafety Committee of the Universitat de Valéncia
(protocol 3389116) and by the Comision Nacional de Bioseguridad of
the Spanish Ministerio de Agricultura, Pescay Alimentacion (authoriza-
tions A/ES/22/72 and A/ES/24/92).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available in this Arti-
cle. The following structures have been deposited in the Protein Data
Bank (PDB) with the accession codes indicated in parentheses: PHEV
RBD-pDPEP1 complex (9HOB), closed apo PHEV spike trimer (9H3)),
locally refined NTD-RBD from the closed apo spike (9R60), closed
PHEYV spike trimer with 9-O-Ac-Sia (9R6P), locally refined NTD-RBD
fromthe closed holo spike (9R6Q) and locally refined NTD of the open
holo PHEV spike (9R6R). The cryo-EM maps have been deposited in
the Electron Microscopy Data Bank (EMDB) under accession codes:
EMD-51827 (closed apo PHEV spike), EMD-51844 (1-RBD-up apo PHEV
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spike), EMD-51845 (2-RBD-up apo PHEV spike), EMD-51846 (open apo
PHEV spike), EMD-53679 (locally refined map of the NTD-RBD from the
closed apo spike), EMD-53680 (closed holo PHEV spike), EMD-53681
(1-RBD-up holo PHEV spike), EMD-53682 (2-RBD-up holo PHEV spike),
EMD-53683 (open holo PHEV spike), EMD-53684 (locally refined map
of the NTD-RBD from the closed holo spike) and EMD-53685 (locally
refined map of the NTD from the open holo spike). Source data are
provided with this paper.
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Extended Data Fig. 1| HKU1 strongly depends on sialic acid for entry.
a.hTMPRSS2-transfected HEK293T cells were treated or not with neuraminidase
and infected with VSV-G and HKU1 VSV pseudotypes or IAV (PR8-GFP).

Theratio of infected cells relative to no NA treatment is shown. Each dot
represents a technical replicate (n = 2) and the bar represents the mean.
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b. hTMPRSS2-transfected HEK293T cells were infected witha WT or W89A HKU1
pseudotype. The percentage of infected cells is shown. Each dot represents a
technical replicate (n =3) and the bar represents the mean. The level of statistical
significance of a two-sided unpaired t-test is shown: ****P < 0.0001.
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Extended DataFig. 2 | Infection of the NCI-60 panel with PHEV pseudotypes.
a.48 celllines from the NCI-60 panel were infected with PHEV pseudotypes and
imaged 20 hlater with the SX5 Live-Cell Analysis System at a 4X magnification.
Images show the GFP signal obtained in one of the two independent replicates
performed. Cell line abbreviations are shown. Scale bar: 100 pm.b. The
percentage of infection of VSV-PHEV in the 48 cell lines of the NCI-60 panel
isshown. The bar shows the mean and each dot represents an independent
experiment (n =2). c. PHEV pseudotype infectivity was correlated with the
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expression of 7,694 genes expressing membrane-associated proteins. The
Pearson correlation p-values of the 40 genes best correlating with infectivity are
shown. d. HEK293T cells were transfected with hDPEP1, human ACE2 (hACE2).
human DPP4 (hDPP4), or an empty vector and infected with SARS-CoV-2 (top)
or MERS-CoV (bottom) pseudotypes. The percentage of infected cells is shown.
The bar shows the mean, each dot represents a technical replicate (n=3), and
the significance of a two-sided unpaired t-test is indicated. **** P < 0.0001, ns not
significant (P = 0.95 for SARS-CoV-2 and P = 0.40 for MERS-CoV).
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Extended Data Fig. 3| Soluble DPEP1inhibits PHEV replication. a. Schematic
of the full virus competition assay. Briefly, PHEV was pre-incubated with soluble
hDPEP1 and used to infect PK-15 or swine primary kidney cells. Viral input was
removed, cells were thoroughly washed with PBS, and viral release was followed
by RT-qPCR of the supernatants at several times post-infection. This figure was
created in BioRender (https://BioRender.com/cpcvv3w).b. PHEV N Ct values at
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display results in amore comprehensible way, the y-axis is reversed. Each dot
represents the mean + SEM of three replicates. The Ct values in both treatments
(Soluble hDPEP1vs H20) were compared at each time point using a two-sided
unpaired t-test: *P < 0.05; **P < 0.01; ** P < 0.001. For PK-15, at 24 h: P = 0.0053;
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Extended Data Fig. 4| TMPRSS2 enhances DPEP1-mediated PHEV entry.

a. Correlation between the expression of TMPRSS2 with the infectivity of PHEV
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were pre-treated with 100 uM camostat mesylate or E-64d prior to infection with
PHEV pseudotypes. The data show the percentage of entry inhibition for each

pseudotypes in the NCI-60 cell line panel. Each point corresponds to a different inhibitor. Each point represents a technical replicate (n = 2). One representative
cellline (n=47).Pearsonsrand p-value areindicated. b. HEK293T, SK-OV-3

and SF-268 cells were transfected with hDPEP1and/or hTMPRSS2 (or an empty

experiment of three independent replicates is shown. In Band C, the bar shows
the mean, each dot represents a technical replicate (n = 3-4) from1-2 independent

vector) and infected with PHEV pseudotypes. The percentage of infected cells is experiments, and the significance of a two-sided unpaired t-test is indicated.
shown. c. HEK293T GFP-Split cells were transfected with hDPEP1and hTMPRSS2 **P<0.0L;**P<0.005.InB, for HEK293T cells: P = 0.0002; SK-OV-3: P = 0.0002;

or anempty vector. The percentage of cell-cell fusion is shown.d. HCT-15 cells

SF-268:P=0.0086.InC,P=0.0036.
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Extended DataFig. 7| The PHEV binding determinants on DPEP1 are partially
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below the alignment. N-linked glycosylation sites are framed in green with the
asparagine residue labeled. The sequences were obtained from the following
accession numbers in Uniprot: Sus scrofa: P22412, Homo sapiens: P16444, Bos
taurus Q3SZM7, Camelus bactrianus: AOA9W3FLA3, Equus caballus: F6TJM7,
Canis lupus familiaris: AOASPOTHL?, Oryctolagus cuniculus: P31429, Mus
musculus: P31428, Lepus europaeus: UPI002B47CA68. This figure was created in
BioRender (https://BioRender.com/pawqyys).
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Insertion subdomain

Highly variable region Jaw 1 (j1) / Jaw 2 (j2)

Extended DataFig. 8| Variable segments of the RBD recognize DPEP1. Amino
acid sequence alignment of the RBD region of the spike of members of the
betacoronavirus1species, calculated and rendered as in Extended Data Fig. 7,
with small black dots indicating gaps. The secondary structure elements
observed in the PHEV RBD are labeled above the alignment. The insertion
subdomainis indicated with ablue line and the highly variable region by an
orangeline. Elementsjlandj2introducedinFig. 4 arein purple, and residues
that contact DPEP1in the structure are marked by violet full circles. Cysteines

paired in disulfide bonds are indicated by the green number below the alignment.

The three N-linked glycosylation sites in the PHEV RBD are framed in green

(N437 conserved across species, and N412 and N512 specific to PHEV). Note the
important deletionin OC43 in the region of j1, which eliminates two cysteine
residues involved in two different disulfide bonds. The crystal structure shows
that the cysteines involved in disulfide bonds 7 and 8, left without their partner,
formadisulfide bond with each other. The sequences used in the alignment have
the following NCBIl accession numbers: PHEV: AAY68297.1, ECoV: ABP87990.1,
HKU14: YP_005454245.1, HKU23: QEY10641.1, 0C43: YP_009555241.1, CRCoV:
ACL93319.1, HCoV4408: ACT11030.1, CGCoV: ABP38313.1, BCoV: NP_150077.1.
This figure was created in BioRender (https://BioRender.com/12mwbzm).
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Extended Data Fig. 9| Conservation of DPEP1-interacting residues across
known PHEV strains. a. Percentage of amino acid conservation in the spike of
all known PHEV strains (n = 52 sequences). A 50 aa sliding window was used. A
schematic of the PHEV spike organization is shown at the top (NTD: N-terminal
domain, RBD: receptor-binding domain, TM: transmembrane domain).
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b. Probability of different amino acids occupying the indicated positions
(numbers at the bottom) of the spike protein of all known PHEV strains (n =52
sequences). Inverted triangles indicate the residues involved in the interaction
with pDPEP, with those in red forming polar interactions.
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Extended Data Fig. 10 | Cryo-electron microscopy (cryo-EM) of the PHEV

spike ectodomain in the presence of 9-O-acetylated sialic acid (9-O-Ac-

Sia). a. Density maps of the NTD and the neighboring RBD obtained by local
refinement from a spike without ligands (- Sia, left) and incubated with 9-O-Ac-Sia
(+Sia, right). A dashed circle indicates extra density at the conserved glycan
binding site that is only observed in the presence of the ligand. b. Atomic model
ofthe NTD and 9-O-Ac-Sia. Residues that contact the ligand are labeled and
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=3 +Sia

»
o
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N
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showninsticks. Dashed lines represent hydrogen bonds. c. Superposition of
protomers from PHEV closed spikes without aligand (blue) and incubated with
9-0-Ac-Sia (red). The NTD is outlined with a dashed line and magnified on the left.
d. Plotindicating the percentage of the different spike conformations obtained
upon 3D classification of the spike datasets collected in the absence (-Sia, blue)
or presence (+ Sia, red) of 9-O-Ac-Sia. This figure was created in BioRender
(https://BioRender.com/rylmét5).
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to predetermine sample size. The sample size is indicated in the figure legends and are sufficient for a robust
statistical analysis. Performing >2-3 replicates is a standard for in vitro life science studies, in particular in virology since this allows robust
statistical analysis of the results.

Data exclusions | No data were excluded.

Replication Experiments were replicated as indicated in the figure legends. All replication attempts were successful.

Randomization  Randomization was not applied to this study because it did not involve research subjects or participants. The study used in vitro assays that
typically do not require randomization, where randomization (e.g. well positions) have no effect on the results. However, we ensured
reproducibility and validity of the results by enforcing experimental rigor and the use of solid controls and standardized protocols.
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Plants

Antibodies

Antibodies used Mouse anti-His-Tag (clone HIS.H8, Invitrogen, MA121315, dilution 1:1000): https://www.thermofisher.com/antibody/product/6x-His-
Tag-Antibody-clone-HIS-H8-Monoclonal/MA1-21315
Mouse anti-Flag (clone M2, Sigma-Aldrich, F1804; dilution 1:1000): https://www.sigmaaldrich.com/ES/es/product/sigma/f1804
Mouse anti-VSV-M (clone 23H12, Kerafast EBO011, dilution 1:1000): https://www.kerafast.com/productgroup/1011/anti-vsv-
m-23h12-antibody?Product|D=445
Rabbit anti-DPEP1 antibody (Atlas Antibodies, HPA012783; dilution 1:100): https://www.atlasantibodies.com/products/primary-
antibodies/triple-a-polyclonals/anti-dpep1-antibody-hpa012783/
Rabbit anti-GAPDH (Sigma-Aldrich, ABS16: dilution 1:3000): https://www.sigmaaldrich.com/ES/es/product/mm/abs16?
srsltid=AfmBOoqCCqDdDyKEXCI3QVuzlrWmhZBsQ_h4A4aM6KYdoGtG4d_EZk40
HRP-conjugated anti-mouse (Invitrogen, G-21040, dilution 1:50000):https://www.thermofisher.com/antibody/product/Goat-anti-
Mouse-lgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal /G-21040
HRP-conjugated anti-rabbit (Invitrogen, G-21234, dilution 1:50000): https://www.thermofisher.com/antibody/product/Goat-anti-
Rabbit-lgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/G-21234
IgG-AF647-conjugated anti-rabbit IgG antibody (Invitrogen, A32733, dilution 1:400): https://www.thermofisher.com/antibody/
product/Goat-anti-Rabbit-lgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A32733TR

Validation All antibodies used in this study are comercially available and have been validated by the manufacturer (see websites indicated above
for each antibody used), and used by other publications. Moreover, the specificity of the anti-Flag antibody was validated using cells
transfected with an empty plasmid. The specificity of the anti-His antibody was validated using cells transfected with an empty
plasmid or empty pseudotypes (see Extended Data Figure 5). The specificity of the DPEP1 antibody was validated by detecting signal
specifically in DPEP1-incubated cells (Extended Data Figure 5).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) The NCI-60 cell line panel was obtained from the National Cancer Institute. HEK293T cells were obtained from the Servicio
Central de Soporte a la Investigacion Experimental (SCSIE) from the University of Valencia. Expi293F cells were obtained from
Thermo-Fischer (A14527). Schneider's Drosophila Line 2 (S2) cells were obtained from ATTC (CRL-1963). PK-15 cells were
obtained from Cytion (607426). HEK293T-GFP1-10 and HEK293T-GFP11 cells were kindly provided by Olivier Schwartz
(Institut Pasteur, Paris, France). Swine primary kidney cells (SPKC) were obtained from the National Veterinary Services
Laboratories (NVSL). The sex of the pig SPKC donor is unknown.

Authentication The 48 cell lines of the NCI-60 panel used in this study were authentificated by Short Tandem Repeat (STR) genotyping. The
other cell lines were not authentificated.

Mycoplasma contamination Cell lines were regularly shown to be free of mycoplasma contamination by PCR. Cells used for recombinant protein
expression (Expi293F and S2) were not tested.

Commonly misidentified lines  None.
(See ICLAC register)
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Seed stocks NA

Novel plant genotypes  NA

Authentication NA

Flow Cytometry

Plots
Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

& The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

Cells were detached gently with cold staining buffer (PBS, 0.5% BSA, 2mM EDTA) and incubated with serial dilutions of
soluble recombinant human DPEP1 (Sino Biologicals) for 30 min at 42C. Cells were washed with PBS and incubated with an
anti-DPEP1 antibody (Atlas Antibodies, HPA012783, dilution 1:100) for 30 min at 42C. After another wash with PBS, cells were
incubated with a goat anti-rabbit IgG-AF647 secondary antibody (Invitrogen, A32733, dilution 1:400) for 30 min at 42C. Cells
were fixed with 4% paraformaldehyde (PFA) for 10 min at room temperature, washed with PBS and resuspended in staining
buffer.

FACSVerse

Collection: FACSSuite
Analysis: FlowJo v10.10

At least 10.000 cells were acquired for each condition.

Cells were only gated on live cells (FSC/SSC) and singlets (FSC-H/FSC-A). As this is a very simple and standard strategy, we did
not include a supplementary figure showing it.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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