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SUMMARY

The ongoing outbreak of the novel coronavirus pneumonia COVID-19 has caused
great number of cases and deaths, but our understanding about the pathogen
SARS-CoV-2 remains largely unclear. The attachment of the virus with the cell-surface receptor and a cofactor is the first step for the infection. Here, bioinformatics
approaches combining human-virus protein interaction prediction and protein
docking based on crystal structures have revealed the high affinity between human dipeptidylpeptidase 4 (DPP4) and the spike (S) receptor-binding domain of
SARS-CoV-2. Intriguingly, the crucial binding residues of DPP4 are identical to
those that are bound to the MERS-CoV-S. Moreover, E484 insertion and adjacent
substitutions should be most essential for this DPP4-binding ability acquirement
of SARS-CoV-2-S compared with SARS-CoV-S. This potential utilization of DPP4
as a binding target for SARS-CoV-2 may offer novel insight into the viral pathogenesis and help the surveillance and therapeutics strategy for meeting the challenge of COVID-19.
INTRODUCTION
The ongoing outbreak of the novel coronavirus disease (COVID-19) that was initially reported at Wuhan
city, China, in December 2019 has rapidly been characterized as a pandemic, transmitting to almost all
the countries or territories in the world. As of March 27, 2020, confirmed cases have exceeded 500,000,
including 23,335 deaths globally (https://www.who.int/emergencies/diseases/novel-coronavirus-2019/
situation-reports). As an emerging disease caused by the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2, previously named 2019-nCoV), COVID-19 has since become a global concern with the
very-high level of risk. The pathogen SARS-CoV-2 has been shown to be a member of Betacoronavirus
closely related to the SARS-CoV and the strain RaTG13 of bat origin (Zhou et al., 2020).
1Department

The coronaviruses are enveloped ranking among the dangerous zoonotically emerging pathogens (Song
et al., 2019). There were two more severe Betacoronavirus disease outbreaks in humans since this century.
They were SARS in 2003 and the Middle East respiratory syndrome (MERS) that started in 2012 (Song et al.,
2019). Both SARS-CoV and MERS-CoV were zoonotic agents transmitted from bats to intermediate hosts
such as palm civets or dromedary camels, and finally to humans (Cui et al., 2019; Song et al., 2019). The coronavirus is a type of positive-stranded RNA virus with the spike (S) glycoprotein on the virion envelope
mediating receptor recognition through the receptor-binding domain (RBD) and membrane fusion
following the proteolytic cleavage into S1 and S2 subunits (Cui et al., 2019). The receptors are predominant
determinants for the host tropism and pathogenicity of the viruses (Cui et al., 2019). Coronaviruses have
evolved sophisticated receptor recognition patterns. Spikes from related coronaviruses can recognize
distinct receptors, whereas spikes of distant coronaviruses can employ the same entry receptor. For
instance, SARS-CoV uses angiotensin-converting enzyme 2 (ACE2) as its main receptor and MERS-CoV engages the transmembrane dipeptidylpeptidase 4 (DPP4, also known as CD26) as the primary receptor (Cui
et al., 2019; Song et al., 2019; Wang et al., 2013). A few reports have proposed that SARS-CoV-2 uses the
SARS-CoV receptor ACE2 for its cellular entry (Hoffmann et al., 2020; Letko et al., 2020; Zhou et al., 2020),
although four of five key residues within the RBD of SARS-CoV-2 are mutated when compared with that of
SARS-CoV (Zhou et al., 2020). ACE2 is also shared as a receptor of another human coronavirus, NL63, which
belongs to the Alphacoronavirus genus (Chan et al., 2016; Cui et al., 2019; Song et al., 2019). In addition, the
natural hosts of SARS-CoV-2 have been suggested to be bats and pangolins resulting from analyses of the
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UniProt ID

Human Protein

Virus Protein

IM

DDI

Integration

P27487

DPP4

SARS-CoV-2 S

0.8413

0.5357

0.9232

Q12884

FAP

SARS-CoV-2 S

0.8413

0.5062

0.9183

Q8N608

DPP10

SARS-CoV-2 S

0.8413

0.5062

0.9183

P42658

DPP6

SARS-CoV-2 S

0.8413

0.5062

0.9183

Q9BYF1

ACE2

SARS-CoV-2 S

0.4628

0.5459

0.7456

Table 1. The Top Five Predicted Human Proteins Interacting with SARS-CoV-2 S by Three Methods
Machine learning (ML) did not predict the interactions (value = 0). IM, interolog mapping; DDI, domain-domain interaction;
DPP, dipeptidylpeptidase; ACE2, angiotensin-converting enzyme 2; FAP, fibroblast activation protein.

viral genome characteristics (Lam et al., 2020; Zhang et al., 2020; Zhou et al., 2020), but an intermediate animal that directly transmits SARS-CoV-2 to human has not been confirmed.
Intriguingly, the viral cell entry always requires multiple transmembrane proteins in the target cell apart
from the primary receptor (Chan et al., 2016; Chu et al., 2018; Cui et al., 2019). The coronavirus spikes are
able to recognize a broad range of cell-surface molecules in addition to the designated receptors for
entry. These molecules are called coreceptors or attachment factors, which have been reported to
play critical roles in the viral propagation (Chan et al., 2016; Chu et al., 2018; Cui et al., 2019). The cellular
susceptibility to virus infection may correlate with these proteins’ interactions, which helps ensure the
triggering of viral entry at an appropriate place (Chan et al., 2016; Chu et al., 2018; Cui et al., 2019). A
receptor for one kind of coronavirus can be utilized for a cofactor of the infection of another or even
a distant coronavirus. For example, the human coronavirus OC43 (hCoV-OC43) receptor, O-acetylated
sialic acid, has been suggested as an attachment factor in the binding of hCoV-HKU1 to the cell surface
(Chu et al., 2018; Cui et al., 2019). The carcinoembryonic antigen-related cell adhesion molecule 5 (CEACAM5) and glucose-regulated protein GRP78 are identified as attachment factors that could enhance the
attachment in nonpermissive cells and entry in susceptible cells for MERS-CoV (Chan et al., 2016; Chu
et al., 2018). GRP78 can simultaneously help the cell entry of the bat coronavirus HKU9 except for
MERS-CoV (Chu et al., 2018). Like CEACAM5, CEACAM1 is a member of the same family, which serves
as the receptor of the animal coronavirus, mouse hepatitis virus (Chan et al., 2016; Chu et al., 2018; Cui
et al., 2019). Moreover, the tetraspanin CD9 was identified as a host cell-surface factor that augments
MERS-CoV entry by scaffolding the receptor DPP4 and the protease TMPRSS2 (Earnest et al., 2017).
The latter can act as a priming factor in the early infection of SARS-CoV, MERS-CoV, or SARS-CoV-2
(Chan et al., 2016; Chu et al., 2018; Hoffmann et al., 2020). In the case of SARS-CoV, dendritic cell-specific
inter-cellular adhesion molecule-3-grabbing nonintegrin (DCSIGN) and DCSIGN-related facilitate virus
entry by interacting with S protein (Chan et al., 2016; Chu et al., 2018; Cui et al., 2019). It remains unclear
whether coronaviruses bind to these attachment factors through RBDs of the viral spikes. Little attention
is given to the cell-surface co-factors in facilitating the attachment and entry of SARS-CoV-2 currently.
However, study on this aspect may help understand the viral pathogenesis, which remains largely
unknown.

RESULTS
The Prediction of Interaction between Human Proteins and the SARS-CoV-2 Spike
The interaction of the receptor-binding domain (RBD) of SARS-CoV-2 spike (S) protein and ACE2, as well
as the monomer proteins of DPP4, ACE2, and coronavirus spike proteins, have been resolved by crystallography (Lan et al., 2020; Walls et al., 2020). An integrative human-virus protein interaction inference
based on protein crystal structures was used to predict human proteins probably interacting with
SARS-CoV-2 spike protein. In the prediction, interolog mapping, domain-domain interaction, and machine learning were combined to evaluate the score for each protein-protein interaction (Schleker
et al., 2012; von Mering et al., 2005; Yang et al., 2020; Zhou et al., 2014). The result showed that both
ACE2 and DPP4 ranked in the top five human proteins (Table 1). It is known that ACE2 has been proposed to be a receptor of SARS-CoV-2. As DPP4 obtained the highest integration score (Table 1), and
is also associated with a Betacoronavirus by acting as the receptor of MERS-CoV, we have focused on
it next.
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Figure 1. The Analyses in the Binding of the Viral Spike Proteins and DPP4 or ACE2
(A) Free energy for the binding between each of three CoV spike (S) proteins and DPP4 or ACE2. Note that all the
complexes were downloaded or predicted through ZDOCK based on protein crystal structures.
(B) The structure of predicted interaction complex of SARS-CoV-2-S RBD (yellow) and DPP4 (wheat). The detailed binding
interface is magnified separately as indicated.
(C) The structural model of SARS-CoV-2-S RBD bound with DPP4 is superimposed with the crystal structure of MERS-CoVS RBD. The contact residues of DPP4 (wheat) bound with either MERS-CoV-S RBD (light blue) or SARS-CoV-2-S RBD
(yellow) are displayed in the right two panels.

The Affinity of Three Betacoronavirus Spikes and DPP4 or ACE2
By using a set of methods combining mechanics energies with the generalized Born and surface area continuum solvation and molecular dynamics simulation (Genheden and Ryde, 2015; Maier et al., 2015; Miller
et al., 2012; Miyamoto and Kollman, 1992; Salomon-Ferrer et al., 2013; Toukmaji et al., 2000), the binding
free energies for the RBDs of coronavirus spike (CoV-S) proteins to DPP4 or ACE2 were calculated (Figure 1A). According to the free energy values (far less than zero), the bindings of SARS-CoV-S/ACE2 and
MERS-CoV/DPP4 are consistent with what has been reported. There were no potential interactions of
SARS-CoV-S/DPP4 and MERS-CoV/ACE2 (free energy values > 0 kcal/mol). Among the three coronaviruses, only SARS-CoV-2-S could theoretically bind to both ACE2 and DPP4. In terms of the binding of
DPP4 with SARS-CoV-2-S, the affinity ( 34.8 kcal/mol) was lower than that of DPP4 with MERS-CoV-S
( 47.8 kcal/mol), ACE2 with SARS-CoV-2-S ( 39.2 kcal/mol), as well as ACE2 with SARS-CoV-S
( 38.3 kcal/mol) (Figure 1A).

Analysis of the Interaction Interfaces between DPP4 and RBD of SARS-CoV-2-S
or MERS-CoV-S
By employing protein docking strategy, we investigated the potential interaction mode between SARSCoV-2-S RBD and DPP4. The atomic interaction details of the binding interface showed that almost all
the contacting residues of DPP4 with SARS-CoV-2-S RBD were consistent with those for binding with
MERS-CoV-S RBD (Table S1) (Song et al., 2014). These residues include DPP4 residue K267 with SARSCoV-2-S RBD Q498, DPP4 R336 with RBD D405, R317 with RBD E484, DPP4 Q344 with RBD Y489/N487,
DPP4 Q286 with N501, and DPP4 T288 with Y505 (Figure 1B and Table S1). In addition, DPP4 residues
L294 and I295 can contribute van der Waals’ forces to the binding (Table S1), not forming hydrogen bonds
as in the binding to MERS-CoV-S (Song et al., 2014). Although the homology between SARS-CoV-2-S and
MERS-CoV-S RBDs is low (19.1%), they shared identical binding residues of DPP4 at the interfaces (Figure 1C). According to the known structural information of DPP4 interacting with MERS-CoV-S RBD, the residue pairs (DPP4 residue K267, R336, R317, and Q344 with MERS-CoV-S RBD D539, Y499, D510, and E513,
respectively) contributed significantly to the interaction (Table S1) (Song et al., 2014). All the four DPP4 residues were also observed to be involved in the binding interface of DPP4/SARS-CoV-2 RBD, contributing to
free energy by forming hydrogen bonds. Thus, these four DPP4 residues were regarded as the crucial
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Figure 2. Comparison of the RBD Structures of Every Two Among Three Viruses
RMSD (root-mean-square deviation) value (Å) can be used for the estimation of the structural similarity of every two
proteins. The smaller the RMSD, higher the similarity between both structures.

residues of DPP4 interacting with SARS-CoV-2-S RBD. In one-to-another comparison of the three three
CoV-S RBD structures, SARS-CoV-2-S RBD and SARS-CoV-S RBD also showed the lowest root-meansquare deviation (RMSD) value (1.34Å), which is in line with their high identity (Figure 2). However, SARSCoV-2-S RBD is more structurally similar to MERS-CoV RBD than SARS-CoV RBD to MERS-CoV RBD,
with 2.95 Å and 3.44 Å RMSD values, respectively (Figure 2). This may help explain why SARS-CoV-2-S
RBD can bind to the MERS-CoV receptor of DPP4, but SARS-CoV-S RBD cannot.

The Analysis of Key Residues for DPP4-Binding Ability Acquirement of SARS-CoV-2-S
According to the aforementioned results (Figures 1A and 2), SARS-CoV-S does not bind with DPP4. We
compared the sequences at the key residues of SARS-CoV-2-S RBD equivalent to that of SARS-CoV-S
RBD. Two out of four substitutions or insertion happened in SARS-CoV-2-S RBD (Figure 3A). In particular,
at E484 (potentially binding with DPP4 R317) and adjacent residues, there was an insertion and several substitutions. The substitution of Q498Y also made the potential binding between SARS-CoV-2-S RBD with
DPP4 K267. Furthermore, the virtual mutation of even one of these residues in SARS-CoV-2-S RBD resulted
in considerable reduction of affinity, especially for the substitutions of D405A and E484A (Figure 3B). Actually, there is no mutation at D405 and Y489/N487 compared with the equivalent residues of SARS-CoV-S
RBD (Figure 3A). Thus, E484 should be the most important residue for the binding ability. We also checked
the amino acids in the spike RBD of the bat strain RaTG13 (Zhou et al., 2020): an insertion of T (not E) and a
few different substitutions existed at the sites equivalent to E484 and adjacent residues of SARS-CoV-2 and
there were no mutations in the remaining three key residues (Figure S1). In addition, as the pangolin has
been suspected as a zoonotic host of SARS-CoV-2, we compared the sequences of human and pangolin
DPP4 (Figure 3C). The result showed that they shared all key residues ready to bind to both SARS-CoV-2
and MERS-CoV spikes (Song et al., 2014). These key residues presented in human DPP4 are also conserved
in other animal species, including macaque, pig, camel, horse, sheep, bovine, rabbit, and bat (Song et al.,
2014).

DISCUSSION
Coronaviruses commonly recognize a wide range of cell-surface targets in addition to the receptors (Chan
et al., 2016; Chu et al., 2018; Cui et al., 2019). For MERS-CoV, when the receptor DPP4 and the protease
TMPRSS2 are sparse on the cell surface, CD9 can play an important role in rendering the early, efficient entry (Earnest et al., 2017). Before the fusion occurs, sufficient proteolytic cleavage is likely to form an activated cluster in regions of the cell membrane with a relatively high local concentration of these entry factors
(Cui et al., 2019; Earnest et al., 2017). This sort of characteristics may give the coronaviruses a physiological
advantage in establishing efficient infections in animal or human hosts, thus contributing to their high pathogenicity. With the ongoing pandemic of COVID-19, the causes for a lot of clinical features remain largely
to be investigated. Experiments in an animal model have showed that the severity of COVID-19 seems intermediate between those of SARS and MERS (Rockx et al., 2020). Also, the receptor ACE2 is suboptimal for
the infection of SARS-CoV-2 in binding to the spike (Procko, 2020). The immunological characterization
study showed the infection of SARS-CoV-2 in immune cells, which is especially not correlated with the
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Figure 3. Comparison and Mutation of the Key Residues for the Binding of SARS-CoV-2-S RBD and DPP4
(A) Sequence comparison of the key residues between SARS-CoV-2-S and SARS-CoV-S RBDs. There are an insertion and
adjacent substitutions at E484, and a Q498Y substitution in SARS-CoV-2-S RBD.
(B) Effect of mutation at the key residues on the binding free energy. Virtual mutations of single key residues could impact
the free energy, especially for D405A and E484A. WT, wild-type.
(C) Comparison of the key residues between human and pangolin DPP4 protein sequences. Both shared the completely
identical key residues including K267, L294, I295, R317, R336, and Q344.

expression of ACE2 (Wei et al., 2020). Therefore, it seems that ACE2 should have employed some helpers in
the swift infection and pathogenesis of SARS-CoV-2.
In this study, according to the binding free energy, the affinity of ACE2/SARS-CoV-2-S is stronger than that
of DPP4/SARS-CoV-2-S (Figure 1A), suggesting the priority of the binding of ACE2 to SARS-CoV-2-S and
the leading role of ACE2 as a receptor. The results demonstrated that both SARS-CoV-2-S and MERSCoV-S could bind to DPP4, sharing the identical key binding residues of DPP4 at the interfaces (Figure 1).
The results also suggested that the insertion and substitutions at E484 and adjacent residues are essential
for the entirely different ability in binding to DPP4 between SARS-CoV-2 and SARS-CoV spikes, for adjacent
residues may also contribute to the structure change. It seems that the binding of SARS-CoV-2-S and DPP4
is unique. However, these kinds of mutations can naturally occur as in the bat strain RaTG13 (Figure S1),
although the residues may be different. The only animal-origin Betacoronavirus that possesses this potential binding ability currently is the one isolated from pangolins, containing these identical key residues in
the spike RBD sequences (Lam et al., 2020). In addition, the models evaluated the binding potential, interface residues, and structures that were consistent with those known virus-host interactions, including SARSCoV-S/ACE2, and MERS-CoV-S/DPP4, verifying the feasibility of our methodology.
DPP4 is the MERS-CoV receptor, thus possessing advantages in mediating the infection of a coronavirus. It
was shown that DPP4 was not able to mediate the SARS-CoV-2 entry independently in nonpermissive cells
such as HeLa and BHK2 (Hoffmann et al., 2020; Letko et al., 2020; Zhou et al., 2020). However, its role in the
attachment and/or entry during SARS-CoV-2 infection into permissive cells remains unknown. In the present approach, we have revealed that DPP4 can act as a candidate binding target of the SARS-CoV-2-S
RBD. DPP4 is a serine protease that is abundantly distributed in human tissues, playing roles as a multifunctional protein (Aliyari Serej et al., 2017). Apart from the lower respiratory tract, kidney, liver, small
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intestine, and prostate, DPP4 presents in the placenta, fibroblasts of lung and wounded skin, muscle, as
well as central nervous systems (Aliyari Serej et al., 2017; Cheng et al., 2019; Cui et al., 2019; Song et al.,
2019). Moreover, DPP4 is widely expressed on activated immune cells including CD4(+) and CD8(+)
T cells, B cells, natural killer cells, dendritic cells, and macrophages (Shao et al., 2020; Song et al., 2019).
It is capable of modulating the production of cytokines, chemokines, and peptide hormones, thus being
involved in various immune or inflammatory diseases (Shao et al., 2020). But for all, we will have to know
the interaction between DPP4 and the primary receptor ACE2, and how DPP4 may help the entry of
SARS-CoV-2 into host cells.
The serine protease inhibitor, camostat mesylate, has been confirmed to efficiently suppress the infection
of SARS-CoV-2 for the purpose of TMPRSS2 inhibition (Hoffmann et al., 2020). As DPP4 is also a serine protease, this would be reasonably suitable for the inhibition of SARS-CoV-2 infection even if DPP4 is a cellsurface target of the viral spike. Inhibitors against DPP4 could be developed for the COVID-19 therapeutics. The conservative property of DPP4 among mammals might allow the SARS-CoV-2 to maintain in animal reservoirs and to confer recombination events. Thus, it would be necessary to consider as wide as animals in the surveillance of SARS-CoV-2.
In conclusion, bioinformatics approaches based on the protein crystal structures have predicted that the
MERS-CoV receptor DDP4 might act as a candidate-binding target or coreceptor of SARS-CoV-2. Intriguingly, the crucial binding residues in DPP4 are identical with those for DPP4 as bound to MERS-CoV-S RBD.
The mutations at E484 and adjacent residues might be mostly important to contribute to the acquirement
of this binding ability. This model provides new insight into the interaction between SARS-CoV-2 and the
host. In-depth study around this aspect may provide better understanding on the host tropism and pathogenicity of SARS-CoV-2 and help the surveillance and therapeutics strategy for meeting the challenge of
the viral infection.

Limitations of the Study
By employing bioinformatics approaches based on protein crystal structures, our study revealed that
SARS-CoV-2 may utilize DPP4, the MERS-CoV receptor, as its binding target. The methodology resolved
all the protein complexes between virus spikes and human receptors with fundamentally consistent interfaces to those reported, demonstrating the feasibility of using the methods. However, the limitation
of the methodology is that it is not able to predict how two human proteins compete for the binding site
in structural space, as both ACE2 and DPP4 can bind at the same RBD of SARS-CoV-2. According to the
result of free energy calculation, the affinity of ACE2/SARS-CoV-2-S is stronger than that of DPP4/SARSCoV-2-S; this may result in the priority of the binding of ACE2 to SARS-CoV-2-S. However, the expression
amount of these two human proteins may be different in different cell types or patients and result in an
unknown binding mode. The questions of this aspect should be answered by experimental
investigations.

Resource Availability
Lead Contact
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Jianhong Lu (jianhlu@csu.edu.cn).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
The published article includes all datasets/code generated or analyzed during this study.

METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
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Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.101160.
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Supplemental Figures and Legends
Figure S1. The sequence comparison between SARS-CoV-2-S RBD and that of bat
RaTG13 strain, Related to Figure 3.

Supplemental Table 1
Table S1. The key contact residues at the SARS-CoV-2-S RBD/DPP4 and MERSCoV-S RBD/DPP4 interfaces, Related to Figure 1.
DPP4
SARS-CoV-2 S
MERS-CoV S
K267
Q498
D539
R336
D405
Y499
R317
E484
D510
Q344
Y489
E513
Q286
N501
N501
T288
Y505
K502
L294
Van der Waals' force
W553*
I295
Van der Waals' force
V555*
*These residues were not shown at the interface of our model.

Transparent Methods
Data collection and availability
We downloaded the sequences from database: SARS-CoV-2-S (GenBank:

NC_045512.2), SARS-CoV (GenBank: AY390556), MERS-CoV-S (GenBank:
NC_019843), DPP4 of human (GenBank: M74777) and pangolin (GenBank:
XM_017664375). The crystal structures of complexes, MERS-CoV-S RBD/DPP4,
SARS-CoV-S RBD/ACE2, and SARS-CoV-2-S RBD/ACE2, were downloaded from
Protein Data Bank (PDB), with PDB code being 4L72, 2AJF and 6M0j respectively.
Prediction of human-virus proteins interactions
In order to predict the human proteins probably interacted with SARS-CoV-2 spike
protein, we adopted an integrative human-virus protein interaction inference method
that combines interolog mapping (IM) (Zhou et al., 2014), domain-domain interaction
(DDI) (Schleker et al., 2012), and machine learning (ML) that we developed
(https://doi.org/10.21203/rs.2.22765/v1) (Yang et al., 2020). Briefly, IM recognizes
unknown protein-protein interactions (PPIs) from known homologous PPIs (termed as
interologs); DDI relies on the detection of known interacting domains in the query
human-virus protein pair to infer the interaction probability; the ML method is a
random forest model trained from the known PPIs between human and all viruses, in
which a sequence embedding technique is employed to represent protein sequences as
input feature vectors. These three methods generate the interaction probability scores
(0-1) for each human-virus protein pair respectively. Finally, these three scores are
combined into one final score by following the integration method proposed in the
STRING database (von Mering et al., 2005).
Protein docking based on crystal structures
Protein docking was implemented through the template-free on-line docking server
ZDOCK (http://zdock.umassmed.edu/). For the docking of SARS-CoV-2-S RBD
(PDB: 6M0J_E) to DPP4 (PDB: 4L72_A), we submitted the corresponding
monomeric crystal structures to the ZDOCK server to obtain the complex model.
Regarding the parameter setting of ZDOCK, note that those residues in DPP4 bound

to MERS-CoV-2-S were set as initial binding region, while the initial binding region
of SARS-CoV-S was not set. In addition, the other options were selected as default.
Among the top ten structures generated from ZDOCK, the one similar to the crystal
structure of the MERS-CoV-S/DPP4 complex (PDB: 4L72) was selected as the final
predictive model. Likewise, the protein docking experiments of SARS-CoV-S RBD
(PDB: 2AJF_E) to DPP4 (PDB: 4L72_A) and MERS-CoV-S RBD (PDB: 4L72_B) to
ACE2 (PDB: 2AJF_A) were also conducted.
Molecular dynamics simulation
In order to generate conformations for the subsequent protein binding free energy
calculation, the molecular dynamics (MD) simulations on all of the protein complexes
in our study were carried out using AMBER 18 suite (Salomon-Ferrer et al., 2013). The
ff14SB force field was used (Maier et al., 2015). Each system was first solvated by
TIP3P water model and neutralized with sodium ions, and then immersed in a
rectangular box which was extended at least 12 Å from solute atoms.
There were two energy minimization steps for each system. First, the proteins were
fixed but no restraint for water molecules and sodium ions, and then each system was
minimized by 2500 steps of steepest descent and 2500 steps of conjugate gradient.
Second, the whole system was further minimized by 5000 steps of steepest descent and
5000 steps of conjugate gradient without any restraint. Each system was gradually
heated from 0K to 290K through 0.9ns simulation and from 290K to 300K through
0.1ns simulation, in which the solutes were restricted in the NVT ensemble. Next, the
system was equilibrated without restraint in the NPT ensemble with 300K and 1 atm
for 1ns. Finally, a 10ns-production MD simulation was performed in the NPT ensemble
which was similar to the former stage.
During the MD simulation process, the time step was set to 2fs and the coordinate
trajectories were saved every 10ps. The SHAKE algorithm (Miyamoto and Kollman,
1992) was applied to restrain all bonds including hydrogen atoms, the particle mesh
Ewald method (Toukmaji et al., 2000) was used to calculate the electrostatic
interactions, and the non-bonded interactions cutoff was set to 10 Å.

Calculation of binding free energy between a human protein and the viral spike
The molecular mechanics energies combined with the generalized Born and
surface area continuum solvation (MM-GBSA) approach (Genheden and Ryde, 2015)
was used to calculate the binding free energy of DPP4 or ACE2 interacting with the
RBDs of CoV S-proteins, which was implemented by the python script MMPBSA.py
(Miller et al., 2012) in AMBER 18 suite. The last 300 frames of all systems were
extracted from the aforementioned MD simulations to calculate the corresponding
binding free energy values.
Sequence alignment
Sequence alignment was carried out by using DNAStar software (version 6.1). The
comparison results were exported following the use of the clustal V alignment in the
Megalign method.

