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A B S T R A C T   

Coronaviruses (CoVs) pose a major risk to global public health due to their ability to infect diverse animal species 
and potential for emergence in humans. The CoV spike protein mediates viral entry into the cell and plays a 
crucial role in determining the binding affinity to host cell receptors. With particular emphasis on α- and 
β-coronaviruses that infect humans and domestic animals, current research on CoV receptor use suggests that the 
exploitation of the angiotensin-converting enzyme 2 (ACE2) receptor poses a significant threat for viral emer
gence with pandemic potential. This review summarizes the approaches used to study binding interactions be
tween CoV spike proteins and the human ACE2 (hACE2) receptor. Solid-phase enzyme immunoassays and cell 
binding assays allow qualitative assessment of binding but lack quantitative evaluation of affinity. Surface 
plasmon resonance, Bio-layer interferometry, and Microscale Thermophoresis on the other hand, provide ac
curate affinity measurement through equilibrium dissociation constants (KD). In silico modeling predicts affinity 
through binding structure modeling, protein-protein docking simulations, and binding energy calculations but 
reveals inconsistent results due to the lack of a standardized approach. Machine learning and deep learning 
models utilize simulated and experimental protein-protein interaction data to elucidate the critical residues 
associated with CoV binding affinity to hACE2. Further optimization and standardization of existing approaches 
for studying binding affinity could aid pandemic preparedness. Specifically, prioritizing surveillance of CoVs that 
can bind to human receptors stands to mitigate the risk of zoonotic spillover.   

1. Background 

Coronaviruses (CoVs) are enveloped, positive-sense, single-stranded 
RNA viruses belonging to the family Coronaviridae, subfamily Ortho
coronavirinae [1,2]. The CoV genome is linear and monopartite, ranging 
in size from 27,000 bp to 32,000 bp, consisting of four main structural 
proteins: spike (S), envelope (E), membrane (M), and nucleocapsid (N) 
[2]. There are four genera within Orthocoronavirinae namely alphacor
onavirus (α-CoV), betacoronavirus (β-CoV), gammacoronavirus (γ-CoV) 
and deltacoronavirus (δ-CoV) (Fig. 1) [3]. 

CoVs infecting humans and other mammals such as camels, felines 
and canines mainly belong to two genera, the α-CoVs and β-CoVs 

(Fig. 1), which are believed to have originated in bats and rodents [4]. 
While the α-CoVs are detected in different genera of bats [4,5], they are 
also known to cause respiratory and enteric infection across a wide 
range of mammals (Fig. 1). α-CoVs such as the transmissible gastroen
teritis virus (TGEV), porcine respiratory coronavirus (PRCV), porcine 
epidemic diarrhea virus (PEDV) and Swine Acute Diarrhea Syndrome 
Coronavirus (SADS-CoV) present as respiratory and enteric infections in 
pigs [6–10]. Canids and felids, including domestic dogs and cats, and 
wild raccoon dogs, may harbor the canine coronavirus (CCoV) and feline 
coronavirus (FCoV) [11–13]. α-CoVs have also been identified in mus
telids, including ferrets and mink, as well as viverrids, such as civets 
[13–16]. Recently, novel α-CoVs have been identified in rats and shrews 
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Fig. 1. A.) Phylogenetic trees constructed using the spike protein of all Orthocoronavirinae with complete genome (genome size from 27,000 to 32,000 bp). The 
phylogenies were inferred by IQTREE2 using GTR+I+R4 substitution model. The host of each CoVs is indicated with the label at the tip of each taxon. B.) The hosts 
where the four genera of Orthocoronavirinae are identified. 
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in China indicating their transmission in rodents and eulipotyphlans 
[17,18]. Two seasonal human coronaviruses (HCoVs) which cause mild 
respiratory infection namely HCoV-NL63 and HCoV-229E also belong to 
the α-CoV family [19–21]. 

β-CoVs have been associated with three of the most serious and fatal 
epidemics in humans: severe acute respiratory syndrome coronavirus 
(SARS-CoV), which emerged between 2003 and 2004 [22,23], severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which spread 
worldwide and caused a global pandemic from 2019 to 2023 [24], and 
Middle East respiratory syndrome coronavirus (MERS-CoV), which 
resulted in the epidemic in Middle East and part of Asia in 2012–2013 
[25] and continuous zoonotic transmission. SARS-CoV and SARS-CoV2 
belong to the subgenus Sarbecovirus, while MERS-CoV belongs to the 
subgenus Merbecovirus. Furthermore, there are seasonal human coro
naviruses that cause relatively milder respiratory infections, such as 
HCoV-OC43 and HCoV-HKU1, which belong to the subgenus Embeco
virus [21,26,27]. It is worth noting that SARS-CoV and other β-CoVs with 
high genomic similarities to SARS-CoV were found to be infecting palm 
civets [28,29]. MERS-CoV and β-CoVs-HKU23, which share high 
sequence identity with MERS-CoV, were detected in camels [30–32]. 
SARS-CoV2 can also infect ferrets, mink, as well as many other diverse 
mammalian hosts [33–36] while SARS-CoV-2-like and β-CoV-HKU4-like 
β-CoVs were found to be infecting pangolins [37,38]. Additionally, the 
host range of β-CoVs further extends to other mammals such as porcine 
hemagglutinating encephalomyelitis virus (PHEV) [39], canine respi
ratory coronavirus (CRCoV) [40], rodents with the HKU24 β-CoVs [41], 
erinaceus CoV [42,43], bovine coronavirus (BCoV) [44] and equine 
coronavirus (ECoV) [45] (Fig. 1). 

γ-CoV and δ-CoV are mainly found in avian hosts which are believed 
to be the natural reservoirs of these CoVs. The infectious bronchitis virus 
(IBV), a γ-CoV, was one of the earliest identified coronaviruses in 
poultry, causing severe respiratory disease and nephritis in chickens 
[46]. Other diverse avian coronaviruses (AvCoVs) have been discovered, 
causing respiratory, enteric and genitourinary infection in poultry 
including ducks and turkeys [47,48]. AvCoVs have also been detected in 
wild birds such as swans, peacocks and pigeons. γ-CoV was also found in 
diseased cetaceans. The beluga whale coronavirus SW1 was first iden
tified in whales in 2008 [49] and subsequently, a γ-CoV that shares a 
close evolutionary relationship was found in bottlenose dolphins [50]. 
To date, no γ-CoV has been found to infect terrestrial mammals. 

δ-CoVs, in contrast, are most commonly found in wild birds. δ-CoVs 
with diverse genomic relationships were detected in different species of 
wild birds such as sparrows, falcons, pigeons and quails intermittently 
from 1999 to 2020 [51]. δ-CoVs have also been found to infect terrestrial 
mammals, but not marine mammals. Two δ-CoVs were discovered in 
leopard cats and ferret badgers in China in 2007 [52]. The porcine δ-CoV 
(PDCoV) HKU15 was first identified in pigs in 2007 and has been 
consistently detected in pigs in Asia and America until 2019 [53,54]. 
Recently, PDCoV was identified in plasma samples from children with 
febrile illness in Haiti [55], indicating the potential risk of zoonotic 
spillover of these avian-associated CoVs to humans. 

2. Spike proteins of CoVs 

The four CoV genera have demonstrated the capacity to infect a wide 
range of hosts, particularly α-, β- and δ-CoVs which can cause mild to 
severe respiratory disease in humans. Receptor-binding capability, 
which is crucial for cell entry mechanisms, is a key determinant in inter- 
species transmission [56]. Receptor-binding relies on the CoV S protein, 
forming a trimeric structure anchored on the virion surface membrane, 
which then binds to the surface receptor of the host cell and mediates 
virus entry into the cell [56]. The CoV S protein is composed of three 
segments: an ectodomain, a single-pass transmembrane anchor and a 
short intracellular tail [57]. The ectodomain can be further divided into 
two functional subunits – the S1 subunit which recognizes cell receptors 
through binding, and the S2 subunit which mediates virus-to-cell and 

cell-to-cell fusion [57]. The S1 subunit hence plays a vital role in 
determining the binding affinity of CoV S protein to host cell receptors. 
There are two receptor binding domains (RBD) within the S1 subunit, 
one located at the N-terminus known as S1-NTD which binds to cell 
surface carbohydrates, and another located at the C-terminus known as 
S1-CTD that binds to proteinaceous receptors [56–58]. Importantly, the 
S protein regulates the tissue and cell tropisms of CoVs, as the presence 
and abundance of receptors varies between different cell and tissue 
types depending on their expression level [56–58]. 

3. Use of host receptors by CoVs 

CoVs can bind to various cell-surface carbohydrates and proteina
ceous receptors. Structural discrepancy of the S1-NTD and S1-CTD has 
been observed in different CoVs, driving the use of different receptors for 
cell entry. The structures of human-infecting CoVs (SARS-CoV, SARS- 
CoV-2, MERS-CoV, HCoV-OC43, HCoV-NL63, HCoV-229E and HCoV- 
HKU1) S proteins are demonstrated in Fig. 2. 

Research on the receptor binding affinities of CoVs has primarily 
focused on α-CoVs and β-CoVs that infect humans (or CoVs with close 
evolutionary relationship) as well as domestic animals [56–58]. Most 
α-CoVs exploit aminopeptidase N (APN) as their receptors (Fig. 3) [56]. 
The S1-CTD of the S proteins belonging to TGEV, PRCV, CCoV and FCoV 
were shown to bind to their corresponding host APNs: swine in the case 
of TGEV and PRCV, canids for CCoV, and felids for FCoV [56]. The use of 
human APN for cell entry by HCoV-229E has been confirmed through a 
cell infection experiment [59]. Immunofluorescence assay and cell 
infection experiments have also shown that PDCoV, a δ-CoV, can use pig, 
chicken, feline, and human APNs as the receptor for cell entry [60], 
despite the high genomic difference between the S protein of PDCoV and 
α-CoVs [61]. This highlights the risk of human infection by PDCoV, 
which has been recently confirmed [55]. 

While most α-CoVs use APN as their receptor, β-CoVs use dipeptidyl- 
peptidase 4 (DPP4), also known as CD26, and angiotensin-converting 
enzyme 2 (ACE2) as a receptor for cell entry (Fig. 3) [62–65]. Most 
CoVs belonging to the subgenus Merbecovirus utilize the DPP4 protein as 
their receptor. This includes the epidemic MERS-CoV which can perform 
cell entry using DPP4 from different animals, including humans, camels 
and bats [63]. Bat Merbecovirus HKU4-CoV and the related Manis jav
anica HKU4-related CoV (MjHKU4r-CoV), isolated from pangolins, were 
also found to use DPP4, though not bat Merbecovirus HKU5-CoV [63]. 
CoVs of the Sarbecovirus subgenus use ACE2 as a receptor to initiate cell 
entry [56]. These include the two most transmissible CoVs in humans, 
SARS-CoV and SARS-CoV-2 [64,65]. The S protein of other Sarbecovi
ruses such as SARS-related CoVs found in bats and civet cats, and 
SARS-CoV-2-related CoVs found in bats and pangolins, were found to 
bind to ACE2 in different animal species. Surprisingly, HCoV-NL63, an 
α-CoV, also utilizes hACE2 as its receptor, but with a different receptor 
binding domain than β-CoVs [66]. Other β-CoVs use different protein 
and sugar receptors. For example, HCoV-OC43 and HCoV-HKU1 
recognize sialic acid, whereas BCoV and CRCoV use the HLA-1 protein 
[56]. 

APN, DPP4, and ACE2 are the three major receptors for human- 
infecting CoVs [59,64–66]. ACE2 and DPP4 are expressed in the upper 
and lower respiratory tracts as well as in lung tissue cells, while APN is 
only expressed in the upper respiratory tract [67–69]. This suggests that 
CoVs using ACE2 and DPP4, including SARS-CoV, SARS-CoV-2, and 
MERS-CoV are more strongly associated with severe lower respiratory 
tract infections [70–72], while those using APN such as HCoV-229E are 
associated with milder respiratory syndromes [73]. Among the three 
pandemic, human-infecting CoVs, SARS-CoV and SARS-CoV-2 have a 
higher transmissibility than MERS-CoV [74,75]. This suggests that CoVs 
capable of using the hACE2 receptor may pose heightened pandemic 
threat with potential of high transmissibility, wider range of trans
mission, and risk of severe respiratory infection. Hence, establishing an 
understanding for the S protein binding affinity of diverse CoVs to the 
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hACE2 receptor is a crucial step in assessing the risk of CoV zoonotic 
spillover from animals to humans, and may therefore help prevent 
future pandemics. 

In this review, we have summarized and critically evaluated current 
approaches used to study the binding affinity between CoV S proteins 
and the hACE2 receptor (Fig. 4). The advantages and limitations of each 
approach are discussed (Table 1). Current knowledge on the binding 
affinity between the S protein of different CoVs and the hACE2 receptor 
are also reviewed. 

4. Solid-phase enzyme immunoassays 

Solid-phase enzyme immunoassays represent a conventional method 
for identifying binding between antigens and antibodies, and have later 
been used to study protein-protein interactions [76]. Enzyme-linked 
immunosorbent assays (ELISA) and dot-blot assays have been used to 
identify whether the S protein of a CoV can bind to hACE2 [77,78]. In 

brief, hACE2 is first prepared in solid phase (either precoated on the 
surface of each well on an ELISA plate for ELISA, or dotted onto nitro
cellulose membranes for a dot-blot assay). The S1-NTD of the CoVs to be 
tested are then tagged, usually with a GST-tag or HIS-tag, and then 
incubated with the solid-phase hACE2. Enzyme-labeled antibodies such 
as horseradish peroxidase-conjugated goat anti-mouse IgG are then 
added and incubated. This is followed by the final step; an enzymatic 
reaction which is carried out using either ELISA substrate for ELISA or a 
chemiluminescent reagent for dot-blot assay [78,79]. For an ELISA, 
whether the S1-NTD region of the S protein has successfully bound to the 
hACE2 is determined by detecting changes in color intensity caused by 
absorbance at variable wavelengths. For a dot-blot assay, a positive 
result is instead signified by the presence of dots on the hACE2 coated 
membrane. Solid-phase enzyme immunoassays provide a cell-free 
approach in assessing the binding feasibility of the CoV S proteins and 
hACE2 with high specificity [79,80]. However, performing these 
cell-free assays requires professional laboratory expertise and is highly 

Fig. 2. Structure of monomers of the spike proteins from 7 human-infecting coronaviruses including SARS-CoV-2 (PDB: 7DDD), SARS-CoV (PDB: 5X58), MERS-CoV 
(PDB: 5X5C), HCoV-OC43 (PDB: 7SBV), HCoV-HKU1 (PDB: 8OHN), HCoV-NL63 (PDB: 5SZS) and HCoV-229E (PDB: 6U7H). The S1-NTD domain is highlighted in 
greencyan and the S1-CTD domain is highlighted in orange. 
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labor intensive. Furthermore, the absorbance value (in ELISA) and size 
of dots (in dot-blot assays) reflect the concentration of antigen (the 
concentration of CoV S1-NTD in this case), but not the binding affinity. 
Hence, these assays cannot be used to compare the binding affinities of 
different CoV S proteins to hACE2; instead, these are more frequently 
used to detect the presence and concentration of CoV in samples [81, 
82]. 

5. Cell binding assay 

Cell binding assays are widely used to study the binding affinity of 
different CoVs to hACE2 [83–91]. In such assays, the hACE2 protein is 
expressed in a variety of cells through transformation of plasmids car
rying the hACE2 gene. These cells include yeast cells, e.g. Saccharomyces 
cerevisiae yeast strain EBY100 [92], mammalian cells, such as epithelial 

cells from different animals [88], as well as human cell lines such as 
HeLa cells, HEK 293 T cells, and Vero E6 cells [86,89,91]. A light-based 
detection method, similarly adopted in the solid-phase enzyme immu
noassays, can be used to detect binding between cells expressing hACE2 
and the S protein of diverse CoVs. They can also be employed to measure 
CoV infectivity, reflecting the entry efficiency of the virus, thereby 
partially revealing the binding affinity to hACE2 [81]. 

The pseudovirus system is another strategy commonly used in cell 
binding assays to investigate whether the hACE2 receptor can be tar
geted by different strains of SARS-CoV-2. One of the major reasons for 
the application of pseudovirus systems is due to the stringent biological 
safety requirements in handling live SARS-CoV-2 virus in biological 
experiments [93,94]. Within the pseudovirus system, the S protein of 
SARS-CoV-2 is expressed by modified viruses which are only capable of a 
single replication cycle upon entering susceptible cells. Consequently, 

Fig. 3. Structure of monomers of human ACE2 (PDB: 1R42), human DPP4 (PDB: 2ONC) and human CAN (PDB: 4FYQ).  

Fig. 4. Ideograph of the testing principal for different approaches in investigating the binding affinity between spike protein of coronavirus and human ACE2. 
Created with BioRender.com. 
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the risk of an ongoing active infection is greatly minimized [93]. 
Another advantage is that these pseudoviruses possess surface protein 
conformations which closely resemble those of the native virus. These 
enable the pseudovirus to perform cell entry in a manner which accu
rately emulates the behavior of the actual virus [93]. Pseudoviruses 
previously used to study the binding affinity of SARS-CoV-2 to hACE2 
include lentiviruses, vesicular stomatitis virus (VSV) and retrovirus (RV) 
[93,95]. Using a luciferase reporting system, cell entry can be observed 
and quantified through light-based detection methods [96]. 

While cell binding assays allow for the study of binding affinity of 
CoV to hACE2 under more realistic conditions (cell-based as opposed to 
solely protein-based in solid-phase enzyme immunoassays), they 
sometimes yield inconsistent results when different type of hACE2- 
expressing cells are used. For instance, Menachery et al. showed that 
pseudo-lentivirus expressing the S protein of CoV-SHC014 failed to enter 
HeLa cells expressing hACE2 [86]. However, Letko et al. demonstrated 
that pseudo-VSV expressing the CoV-SHC014 S protein could enter HEK 
293 T cells expressing hACE2 [91]. One potential explanation for these 
incongruent results when using different hACE2 expressing cells could 
be the presence of other secondary receptors such as CD147 and L-SIGN 
protein [97]. Although secondary receptors have lower binding affinity 
to CoV S protein compared to the primary receptor, they have been 

shown to assist cell entry of CoV [56,57]. To further validate the results 
of pseudovirus-based infection experiments, conventional authentic 
viral infection assays should be conducted [98]. 

6. Surface plasmon resonance (SPR), Bio-layer interferometry 
(BLI) and Microscale Thermophoresis (MST) 

Surface plasmon resonance (SPR) is a technique that can be used to 
measure interactions between two biomolecules, including binding af
finity and specificity [99,100]. It has been recently applied to study 
binding affinity between different CoVs and hACE2 [89,101–107]. 
Similar to solid-phase enzyme immunoassays, SPR involves immobiliz
ing the hACE2 on a metal film. However, instead of requiring a label in 
solid-phase enzyme immunoassays, SPR measures the change in the 
reflection angle of light when the S protein, or more specifically the 
RBD, binds to the immobilized hACE2, triggering the surface plasmon 
resonance phenomenon and altering the refractive index of the metal 
plate. The binding affinity between the S protein and hACE2 is measured 
by the equilibrium dissociation constant (KD), which is calculated as the 
ratio of the rate of association (kon, when the two proteins bind) to the 
rate of dissociation (koff, when the two proteins detach) [99,100]. 

SPR is considered to provide a more accurate measurement of 
binding affinity compared to the methods mentioned in the previous 
sections [100]. It utilizes both the physical property of the metal chips 
and biophysical property when two proteins bind together. Therefore, 
there are potentially fewer factors that could lead to inconsistent results. 
In fact, various studies adopting SPR in studying the binding affinity of 
identical CoV S proteins to hACE2 have shown similar KD values [96, 
98–100]. However, the high purity of CoV S protein required to conduct 
SPR currently represents a major obstacle to its routine application [99, 
108]. 

Like SPR, bio-layer interferometry (BLI) is a label-free technique for 
measuring the binding kinetics and affinity of protein-protein in
teractions, including the interaction between the CoV RBDs and its re
ceptor. In BLI measurement, one protein is immobilized on a biosensor 
tip and its binding to the other protein in a static solution changes the 
optical interference pattern in a dose-dependent manner. This system 
allows the binding interactions to be monitored in real time. BLI is 
simpler, easier to operate, and higher in throughput than SPR. 
Furthermore, it is suitable for measuring binding affinities in the range 
of 10 pM to 1 mM [109]. BLI has been used to determine that the binding 
of SARS-CoV-2-RBD and SARS-CoV RBD to hACE2 has a KD equivalent to 
5.09 nM and 1.46 nM, respectively [110]. In a comparative study, BLI 
and SPR were found to afford similar binding affinity KD but resulted in 
rather different association and dissociation rate constants (kon and koff) 
[111]. BLI has also been used to determine the binding affinities of RBD 
variants such as E484K for hACE2 [112] and screen for viral entry in
hibitors [113,114]. 

To avoid the slow mass transfer and immobilization effects in both 
SPR and BLI, another technique called microscale thermophoresis (MST) 
may be more suitable to determine the binding affinities of the spike 
protein RBD for its hACE2 receptor. MST measures the motion of fluo
rescent molecules in a homogenous solution along a microscale tem
perature gradient, which reflects changes in molecular size, charge, and 
hydration shell. To perform a measurement, RBD is tagged with a 
fluorescent probe and mixed with a varied concentration of the receptor. 
This mixture is then injected into a glass capillary where changes in 
fluorescence can be measured over time. The resulting curves are then 
fitted with various kinetic protein-protein binding models to determine 
KD. In a previous study, KD for the binding of hACE2 with wild-type 
SARS-CoV-2 spike RBD was found to be 27.5 ± 4.8 nM [115]. Com
bined with steered molecular dynamics (SMD) simulations of the in
teractions with the RBD variants of concern (α-, β-, δ-CoV, and other 
variants), this MST study provides a deeper understanding of these in
teractions at the molecular-level. 

Table 1 
Summary of the advantages and disadvantages of different approaches in 
investigating the binding affinity between spike protein of coronavirus and 
human ACE2.  

Method Advantage Limitation 

Solid-phase enzyme 
immunoassays 

High specificity and 
sensitivity 
Provide a qualitative 
measure of whether the S 
protein can bind to 
human ACE2 or not 

Unable to generate 
quantitative 
measurement of binging 
affinity for comparison 

Cell binding assay Reflecting the actual cell 
entry event 
Provide a qualitative 
measure of whether the S 
protein can bind to 
human ACE2 or not 
Application of 
pseudovirus method 
enable the study of virus 
with stringent biological 
safety requirement in 
laboratory experiment 

Inconsistent result may be 
observed due to different 
human ACE2 expressing 
cells used. 

Surface Plasmon 
Resonance, Bio-layer 
interferometry and 
Microscale 
Thermophoresis 

Provide a quantitative 
measure of the binding 
affinity in terms of 
equilibrium dissociation 
constant (KD) 
Compare a more 
accurate measurement of 
binding affinity 

High purity requirement 
of the protein samples 

In silico modeling Provide a quantitative 
measure of the binding 
affinity in terms of 
binding energy 
computed using different 
mathematical 
approaches 
Do not require 
experimental validation 

Inconsistent result may be 
observed when compared 
to wet lab experiment 
Results in different 
literatures are not 
comparable due to 
different parameters 
involved in the in silico 
modeling 

Machine learning and 
deep learning models 

Make use of the vast 
amount of experimental 
and simulated protein- 
protein interaction (PPI) 
data generated from in 
silico simulations 
Perform real-time 
analysis utilizing the 
graphics processing units 

Comparatively low 
accuracy  
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7. In silico modeling 

With the availability of the binding structure between the S protein 
of CoVs and the hACE2 receptor (such as SARS-CoV [64] and 
SARS-CoV-2 [105]), it is possible to harness recent advances in 
computational power for the in silico prediction of the binding affinity 
between different CoV S proteins and hACE2. Computational methods 
include binding structure modeling, protein-protein docking simula
tions, and binding energy calculations [116–125]. 

Binding structure modeling uses homology modeling to compute the 
heavy atom positions of each amino acid of a given CoV S protein based 
on a given reference structure using programs such as SWISS-MODEL 
[126] and Modeller [127]. While most studies employing in silico 
methods for the prediction of binding affinity between CoVs and hACE2 
adopt homology modeling, reference-free structure construction of the S 
protein is now possible due to the introduction of deep learning (DL) 
models. AlphaFold [128], built with a deep neural network, is trained 
with an existing protein structure database. By aligning the query pro
tein primary sequences to the database and constructing the embedded 
multiple sequence alignment as the input, AlphaFold can predict the 3D 
coordinates of all heavy atoms in the given query protein sequence’s 
folded structure with high accuracy. ESM-Fold, on the other hand, uti
lizes a language learning model and relies on the token embedding of the 
large pre-trained protein sequences [129]. This allows for a 
reference-free prediction of the folded protein structure using ESM-Fold. 

Homology modeling provides an initial prediction of the binding 
structure between the S protein (specifically, the S1-NTD) and hACE2. 
The coordinates of the light atoms, such as hydrogen, contribute heavily 
to binding affinity, and need to be fine-tuned using protein-protein 
docking. Upon homology modeling, the contact surface between the S 
protein and hACE2 is well-defined. Hence, local protein-protein docking 
is used where the computation of atom-atom interaction is restricted 
only to atoms located at the contact surface, resulting in shorter 
computational time. However, if the initial structure of the S protein is 
constructed using a reference-free approach, global protein-protein 
docking is necessary to identify the optimal orientation for the contact 
surface of the two proteins to interact. Programs used for protein-protein 
docking in CoVs binding affinity to hACE2 includes Rosetta [130] and 
HADDOCK [131]. 

The binding affinity between the S protein and hACE2 can be rep
resented by estimating the binding free energy. Two simulation methods 
are commonly used to calculate binding free energy. These are Molec
ular mechanics Poisson-Boltzmann surface area (MM/PBSA) and mo
lecular mechanics generalized Born surface area (MM/GBSA) combined 
with molecular dynamics (MD) [132]. The calculation of free energy 
using MM/PB(GB)SA includes the following steps: first, an MD simula
tion of the binding complex is performed using an explicit solvent model 
(implicit solvent simulations are not recommended as they have been 
shown to generate less accurate results [133]); second, solvent mole
cules and charged ions are removed from the MD snapshots; finally, the 
solvation energy of the ligand, protein receptor and the complex form 
are evaluated using the MD snapshots. The final binding free energies 
are obtained by summing the individual energy components. Programs 
such as AMBER [134] and GROMACS [135] can perform the MM/PB 
(GB)SA calculation. Although MM/PB(GB)SA can be combined with MD 
simulations to provide an accurate prediction of the binding free energy, 
it is comparatively less efficient and flexible due its computational re
quirements [136,137]. Alternatively, the binding free energy can be 
calculated directly from molecular mechanics-based empirical force 
fields. This approach is more efficient and yields a less accurate, yet 
comparable result to the MM/PB(GB)SA. The Rosetta software suite for 
macromolecular modeling and HADDOCK have been shown to produce 
results comparable with MM/PB(GB)SA-computed free energy esti
mates. Rosetta computes the Rosetta Energy Unit (REU) [138], whereas 
HADDOCK [131] computes the HADDOCK score. Both programs have 
been used to calculate the binding free energy between S protein and 

hACE2 in coronavirus [117,121,139–141]. 
The binding free energy can be used to compare binding affinities. 

The lower the binding energy, the stronger the binding affinity between 
two proteins [142]. Several different programs have shown that the 
SARS-CoV-2 S protein and hACE2 complex has a lower free binding 
energy than the SARS-CoV S protein and hACE2 complex, therefore 
suggesting that the former has a stronger binding affinity for the ACE2 
receptor [117–119,122,124,125] (Fig. 5). The in silico binding free en
ergy results are commensurate with the in vitro SPR results which also 
show a higher KD for SARS-CoV-2 S protein with hACE2 than SARS-CoV 
S protein [103,105,107] (Fig. 5). The binding affinity of other CoVs to 
hACE2 can also be evaluated. Na et al. identified two sarbecovirus clade 2 
CoVs from bats in Korea (KB-CoV) [118]. PRODIGY and MM/GBSA 
approaches were used to compute and reveal a high binding free energy 
between the KB-CoV-hACE2 complex, suggesting a low binding affinity 
to hACE2 for KB-CoV [118] (Fig. 5). This is consistent with the cell 
infection experiments conducted by Guo et al. and Starr et al., which 
showed that the sarbecovirus clade 2 CoVs cannot use hACE2 for cell 
entry due to the deletion of two loops in the receptor binding domain 
[143,144] (Fig. 5). Wu et al. performed MD simulation using GROMACS 
program for the RBDs-ACE2 complexes of the SARS-CoV-2 Delta and 
Omicron variants and used the MM/GBSA method to compute their 
binding free energy (ΔG) in 2022. Their analysis of three trajectories for 
each complex revealed that the Omicron variant has a similar binding 
affinity for hACE2 as the wild-type SARS-CoV-2 but a significantly 
weaker binding affinity than the Delta variant. These simulation results 
were further validated with ELISA bioassay [145]. Moreover, it is 
important to note that in silico results may not always be aligned with in 
vitro experiment results [106,107,117,124] (Fig. 5, annotated in or
ange). Chowdhury et al. computed the REU for the bat CoV-RaTG13, 
which is a CoV that shares a very close genetic relationship with 
SARS-CoV-2. The study reported that bat CoV RaTG13 had a lower REU, 
i.e. stronger binding, to hACE2 compared to SARS-CoV and a compa
rable REU to SARS-CoV-2 (RaTG13: − 43.168 ± 2.1 kcal/mol, 
SARS-CoV: − 37.308 ± 2.3 kcal/mol, SARS-CoV-2: − 48.312 
± 3.4 kcal/mol [117]), suggesting a stronger binding affinity to hACE2 
than SARS-CoV as well as the utilization of hACE2 as receptor. 
Comparatively, Zhang et al. measured the binding affinity of 
CoV-RaTG13 to hACE2 by conducting SPR and cell entry experiments. 
Their results indicated that the binding affinity between CoV-RaTG13 
and hACE2 was five times weaker compared to SARS-CoV-2 and 
hACE2, and showed minimal evidence of CoV-RaTG13 entry in HEK 
293 T cells expressing hACE2 [106]. Jamir et al. computed the free 
binding energy of the NL63-S-protein-to-hACE2 complex using Prodigy 
[124]. They found a lower free binding energy compared to SARS-CoV. 
In contrast, Lan et al. used the SPR approach to compare the binding 
affinity of hACE2 with SARS-CoV, SARS-CoV-2 and NL63 [107]. Their 
results showed that SARS-CoV had a stronger binding affinity to hACE2 
compared to NL63, conflicting with the result based on the free binding 
energy computed from Prodigy. 

Note that amino acid substitutions on CoV S proteins or hACE2 may 
affect the binding affinity between them. For instance, Dos Santos et al. 
identified that the E484K and N501Y mutations on the spike protein of 
SARS-CoV-2 increase the binding affinity between the RBD and hACE2 
by introducing additional attractive interactions and a hydrogen bond 
with hACE2 [146]. Binding free energy can also be used to identify the 
contribution of individual amino acids to the binding affinity between 
CoV S protein and hACE2. Wierbowski et al. used PyRosetta [123] and 
Ren et al. used mCSM-PPI2 [102] to compute the changes in binding free 
energy for missense mutations found in the hACE2 protein. Their studies 
aimed to investigate the polymorphisms on hACE2 that contribute to the 
change in binding affinity to SARS2-CoV. Ren et al. also conducted SPR 
experiments to validate their findings. Additionally, Cavani et al. 
calculated the change in binding free energy based on the amino acid 
mutations between the wild type SARS-CoV-2 and the Delta lineage 
[120]. Xue et al. utilized Flex ΔΔG, a ΔΔG estimation method developed 
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within the Rosetta software suite, to predict the binding affinity change 
by point mutation(s) on the RBD binding surface. Based on the predicted 
ΔΔG scores, candidate mutants with a significantly negative impact on 
binding affinities were selected for further experimental validation. Out 
of the nine recommended mutants, six showed improved affinity for 
hACE2 in SPR analysis [147]. Calcagnile et al. used HDOCK and Fire
Dock to compute the global energy score (GES) of the interaction be
tween wild type hACE2 or ACE2 missense variants and SARS-CoV-2 S 
protein [148]. Their results showed that multiple sites were associated 
with increased or reduced binding affinity. These sites include I21T and 
K26R which were found to result in higher binding affinity and I21V and 
K26D which were found to be reducing the binding affinity [148,149]. 
Glycosylation on CoV S proteins has also been associated with changes 
in their binding affinity to hACE2 [150–152]. Huang et al. performed an 
MD simulation and computed the binding free energy (ΔG) for 
glycosylated-RBDs-hACE2 complexes using GROMACS programs [150]. 
Their results showed that glycosylated RBDs had lower binding affinities 
to hACE2 compared with the wild-type RBD, no matter which types of 
glycan were attached. The presence of Man 5, NA2F, NA3F, A2G and 
A3F has led to significant steric effects hindering the binding between 
the RBDs and hACE2. Moreover, when the RBD is glycosylated with fully 
sialylated bi-antennary and tri-antennary A2F and A3F, Coulombic 
repulsion was observed. This phenomenon drives the RBD away from 
the hACE2 and hence reduces binding affinity. Huang et al. also con
ducted SPR assays confirming the findings in the MD simulations [150]. 

8. Machine learning and deep learning models 

New methods have been developed to effectively utilize the 
increasing number of available MD snapshots and protein-protein 
interaction (PPI) data for real-time prediction of binding affinities and 
elucidating the key amino acid residues associated with CoV binding 
affinity to hACE2. 

Machine learning (ML) classifiers use a training dataset to “learn” 
and identify important features which can then be used to classify test 
datasets [153]. ML classifiers have been trained to discover amino acid 
residues that significantly contribute to changes in SARS-CoV-2′s bind
ing affinity to hACE2. Pavlova et al. trained three ML models to distin
guish between SARS-CoV-2 RBD from SARS-CoV RBD [154]. 
Specifically, this involved training a linear logistic regression model, a 

tree-based random forest model and a multilayer perceptron neural 
network, using over 4500 features generated from MD simulation 
snapshots of SARS-CoV RBD and SARS-CoV-2 bound to hACE2 By 
identifying the most important features which distinguish the two RBD, 
the ML classifier was able to select amino acid residues that contribute to 
an increased binding affinity between hACE2 and SARS-CoV-2 mutants 
such as N501 [155]. 

In recent years, machine learning has been used to increase the ac
curacy of data-driven modeling [156]. The large amount of data 
required can be generated by deep mutational scans (DMS), which 
reveal the functional consequence for all possible single mutations 
[157]. In 2020, Starr et al. conducted a comprehensive DMS assessment 
of the impact of various single-residue mutations in the SARS-CoV-2 
RBD, and quantified the effects on RBD expression and hACE2 binding 
[158]. A large percentage of single residue mutations (84.5%) were 
shown to have negative effects on RBD expression and hACE2 binding, 
while roughly 7.5% have no impact, and only around 8% increase 
binding affinities. 

In 2021, Chen et al. selected 27 variants with increased binding af
finity and 54 variants with lowered binding affinity on the binding 
surface, to form an experimental DMS dataset together with 27 variants 
with enhanced binding affinity but do not directly interact with hACE2 
[159]. The dataset was used to train a neural network regression model 
(NN_MM-GBSA) which used the decomposed MM/GBSA energy terms 
(Coulombic, covalent, van der Waals, lipophilic, generalized Born 
electrostatic solvation, hydrogen bonding, π − π packing, and 
self-contact correction terms) from MD simulation trajectories as ML 
features, and the ratio of experimental dissociation constant (KD,app) of 
the variants relative to the wild-type as the target. This model achieved a 
correlation coefficient of 0.73 between the ML-predicted results and 
experimental values, and a validation accuracy of 82.8% for predicting 
whether a single-residue variant of RBD increases or decreases the 
binding affinity for hACE2. It provides a new framework for predicting 
KD,app from features of decomposed MM/GBSA energy terms. 

In silico simulations provide an approach to evaluate the binding 
affinity between two proteins. However, it becomes inefficient when one 
needs to compute the binding affinity of multiple protein pairs as each 
simulation necessitates MD simulation, leading to significant time re
quirements. DL architectures, including deep reinforcement learning, 
convolution neural networks and transformers, enable real-time 

Fig. 5. In silico and in vitro assessments of binding between coronavirus spike proteins and ACE2 receptors reported in literature. Distribution of free binding energy 
computed from in silico simulation, dissociation constant measured from solid plasmon resonance (SPR), cell entry and luciferase RLU measured in cell binding assay 
(CBA) are shown in the left, middle and right panels. The lower the free binding energy and dissociation constant, the stronger the binding affinity. In contrast, the 
lower the cell entry and luciferase RLU, the lower the binding affinity. Inconsistent results between in silico simulation and SPR/CBA in vitro experiments are shown in 
orange symbols; consistent results are shown in blue symbols. Data sources are indicated at the figure legend on the right. 
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classification or prediction after training by utilizing the power of 
graphics processing units (GPUs) [160]. Xie et al. developed Emvirus, a 
DL model using the convolutional neural network and bi-directional 
long short-term memory, trained with over 27,000 protein-protein 
interaction data from different viruses including HIV, Herps, influ
enza, SARS-CoV and SARS-CoV-2 [161]. When trained with PPI data of 
only one type of virus (except SARS-CoV and SARS-CoV-2), Emvirus 
revealed a medium accuracy ranging from 46.4% to 54.0%. 

9. Discussion and Conclusion 

This review summarizes methods used in studying binding affinity 
between CoV S protein and hACE2. Among these methods, the solid- 
phase enzyme immunoassay is the most conventional technique for 
qualitatively assessing the potential for two proteins to bind. Cell 
binding assays allow the investigation of binding affinity between two 
proteins to be conducted in context of viral particles and host cells. 
However, inconsistent results can arise when different types of cells are 
used to express the target receptors. SPR, BLI and MST provide a more 
accurate and consistent measurement of binding affinity but stringent 
protein purity requirements limit its applicability. Also, the use of 
different detection buffers in these binding assays may potentially affect 
the result. In silico simulation of binding affinity has become feasible 
with continuing improvements in computational power and advances in 
molecular biophysics. They provide a convenient preliminary under
standing of the binding affinity of two proteins with minimal laboratory 
requirements. 

Taking SARS-CoV and SARS-CoV-2 as examples, results from in silico 
simulations of CoV S protein to hACE2 binding affinities appear to show 
greater inconsistency among themselves when compared to the in vitro 
SPR results [117–119,122,124] (Fig. 5). It is notable that these studies 
use inconsistent data (sequences, reference structure, etc.) and model 
parameters which can lead to incomparable results. Chowdhury et al. 
retrieved the SARS-CoV-2-hACE2 complex structure from PDB (ID: 
6LZG) [117] where others used another one (ID: 6M0J) [118,119,122, 
124]. These studies used different binding free energy computation 
programs. Three estimated the binding free energy directly from mo
lecular mechanics-based empirical force fields using Rosetta [117] and 
Prodigy [118,124]. The other two performs MD simulation and perform 
the MM/PB(GB)SA calculation using GROMACS [119] and AMBER 
[122], but with different factors in MD simulation. For instance, Lai 
et al. performed the MD simulation at a temperature of 310 K where the 
hydrogen bonds were constrained by the LINCS method and other 
electrostatic interaction was treated by the Particle Mesh Ewald method 
[119] whereas Jafary et al. conducted at a temperature of 300 K with all 
electrostatic interaction including hydrogen bonds using the SHAKE 
algorithm [122]. Therefore, it is crucial to establish and design a stan
dardized approach for protein structure homology modeling, as well as 
the uniform selection of structures, solvents, ions, environment factors 
(such as temperature) and electrostatic interaction constrain method for 
MD simulation, perhaps one that resembles the human internal envi
ronment. This would allow the generation of comparable results when 
studying different CoV S proteins in various investigations. 

Despite its low amino acid sequence identity and structural similarity 
to SARS-CoV and SARS-CoV-2, HCoV-NL63 also uses hACE2 as its host 
receptor. This is achieved via an RBD on its S protein that is completely 
different to those of the other coronaviruses, and binds to a completely 
different epitope on hACE2 [66]. The SARS-CoV-hACE2, SAR
S-CoV-2-hACE2 and MERS-CoV-hACE2 complex structures have been 
most commonly used as homology modeling references in in silico 
simulation studies [117,121,139–141]. While these complexes serve as 
the reference structures for the binding between β-CoV and hACE2, the 
binding structure of HCoV-NL63 and hACE2 [66] may serve as a refer
ence structure for the binding between α-CoVs and hACE2. It can be used 
for in silico simulation analysis and has the potential to reveal other 
α-CoVs that also exploit hACE2 as their receptors. This could help 

identify the unknown intermediate host involved in the transmission of 
HCoV-NL63 from bats to humans. 

ML and DL techniques offer the opportunity to leverage the vast 
amount of experimental and simulated PPI data generated by in silico 
simulations. They were introduced as a novel approach to elucidate key 
features contributing to the binding affinity to hACE2. Recently, DL 
models such as transformer and large language models, originally used 
in graphic generation [162] and language learning [163], have been 
successfully applied in protein structure prediction [128], protein 
structure alignment [164] and molecular docking [165]. Application of 
these DL models trained on extensive experimental PPI data may further 
optimize in silico simulation results and potentially explain the in
consistencies between computational simulations and biological exper
imental findings. 
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