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Abstract
In silico predictions combined with in vitro, in vivo, and in situ observations collectively suggest that mouse adaptation of the
severe acute respiratory syndrome 2 virus requires an aromatic substitution in position 501 or position 498 (but not both) of
the spike protein’s receptor binding domain. This effect could be enhanced by mutations in positions 417, 484, and 493
(especially K417N, E484K, Q493K, and Q493R), and to a lesser extent by mutations in positions 486 and 499 (such as F486L
and P499T). Such enhancements, due to more favorable binding interactions with residues on the complementary
angiotensin-converting enzyme 2 interface, are, however, unlikely to sustain mouse infectivity on their own based on
theoretical and experimental evidence to date. Our current understanding thus points to the Alpha, Beta, Gamma, and
Omicron variants of concern infecting mice, whereas Delta and “Delta Plus” lack a similar biomolecular basis to do so. This
paper identifies 11 countries (Brazil, Chile, Djibouti, Haiti, Malawi, Mozambique, Reunion, Suriname, Trinidad and Tobago,
Uruguay, and Venezuela) where targeted local field surveillance of mice is encouraged because they may have come in
contact with humans who had the virus with adaptive mutation(s). It also provides a systematic methodology to analyze
the potential for other animal reservoirs and their likely locations.
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INTRODUCTION

The novel coronavirus disease (COVID-19) has resulted in sig-
nificant global morbidity and mortality on a scale similar to
the influenza pandemic of 1918.1 The ongoing pandemic has

been sustained through the activities of human beings, who are
the largest reservoir of the causative severe acute respiratory
syndrome virus 2 (SARS-CoV-2). This RNA virus in a new host
(human beings) is evolving rapidly, accumulating mutations,
and existing as a cloud of variants with quasispecies diversity.2

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://academic.oup.com/
https://doi.org/10.1093/ilar/ilab031
https://orcid.org/0000-0002-7326-3210


ILAR Journal, 2021, Vol. 62, No. 1–2 49

Last year, the world witnessed the risk of this virus acquiring
additional reservoirs (such as minks) and new mutations of
consequence (such as “Cluster 5”), which could increase trans-
missibility and lead to a potentially weaker antibody response.3

Both the original form of the virus (known as D614) and
the subsequent more transmissible G614 variant, which has
replaced it almost entirely in circulation,4,5 did not infect mice
because their angiotensin-converting enzyme 2 (ACE2) receptor
did not bind the viral spike protein effectively to allow entry into
cells. Because mouse (Mus musculus) is a popular animal model of
infection, the virus had to be adapted through techniques such
as sequential passaging in mouse lung tissues and modifying the
receptor binding domain (RBD).6–8 Other strategies for infecting
mice with the original form of the virus or the G614 included
transgenic mice expressing human ACE2 (hACE2) and sensitiz-
ing the mouse respiratory tract through transduction with aden-
ovirus or adeno-associated virus expressing hACE2.9–12 Recently,
virus variants of concern (VOC) originating from Brazil, South
Africa, and the United Kingdom (which contain the common
mutation N501Y in the RBD) were shown to infect mice.13,14

This ability of SARS-CoV-2 VOC to infect mice is unsettling
because of the potential to establish additional reservoirs in
a species that is in close contact with people and companion
animals, especially because its population is hard to vaccinate
or control.

METHODOLOGY
In this paper, we have combined our structural predictions from
biomolecular modeling with available experimental evidence to
understand how specific mutations in VOC and mouse-adapted
strains, especially in the RBD, have enabled this virus to infect
mice. To do this, we compared the spatial interactions of these
key mutations with the corresponding regions in both mouse
ACE2 (mACE2) and hACE2 using homology molecular models
based on cryogenic electron microscopy data of the ACE2/RBD
interface (protein database entry number 6 M17).15 We have
assumed the coordinates of ACE2 and RBD in the 6 M17 struc-
ture to be reasonable starting positions for our respective mod-
els, with root-mean-square deviation (RMSD) scripts alignment
based on C-Alpha carbon protein backbones. Because the protein
prediction software AlphaFold was recently released,16 we also
recalculated RBD structures, finding AlphaFold predictions to be
in excellent agreement with our initial homology models, with
less than 0.9 Å RMSD average alignment. Amino acid side chain
conformations of the RBD models were adapted from AlphaFold
predictions because they were deemed more reliable.

By introducing the ACE2 models and variants into molecular
dynamics simulations to optimize the interactions, similar to our
recent work,17,18 we qualitatively identified the key interactions
of side chain residues at the ACE2/RBD interface. Further details
are provided under “Supplementary Methods for Molecular Mod-
eling.” We then compared our in silico findings with experimen-
tal results reported by different research groups with mouse-
adapted strains/isolates6–8,13,21–29 and VOC14,30–34 (Tables 1 and
2). Taken together, we were able to gain valuable insights into the
likely effects of different mutations of consequence.

Subsequently, we queried the world’s largest public database
called Global Initiative on Sharing All Influenza Data (GISAID)
and looked for these mutations and equivalent mutations of
consequence. These “big data,”comprising circa 2.4 million and 4
million SARS-CoV-2 genome sequences as of July 21 and October
4, 2021, respectively, formed the basis of our in situ analysis.29

Over 99.9% of these sequences are from viruses sequenced from
human hosts. In brief, sequences were aligned to the back to the
SARS-CoV-2 reference (EPI_ISL_402124, denoted as the wild-type
[WT]) to generate a file containing all mutations in the variant
call format, which is a concise way for storing gene sequence
variations. We then calculated the ratio of the frequency at
which the WT allele vs the mutant allele were observed across
a rolling 14-day window. Given the data are discrete, highly
variable in size across countries, and contain background noise,
such a window of time is essential from our experience to
reduce distortions and glean meaningful insights. For example,
if 14 WT and 28 mutant sequences were observed within a
specified 14-day window, then the frequencies were 1/day and
2/day, respectively. The ratio of mutant to WT frequency is
therefore 2, indicating the mutant allele is appearing twice as
frequently as the WT allele within that period. This was used
to create a heatmap for the key mutations, both individually
and in combination (as discussed below). For clarity, we only
considered countries where the mutant to WT ratio exceeded
1.2 across the entire time the mutant was sampled or within
any given 14-day window. To reduce the noise further from low-
sampled countries, we also instituted a minimum threshold of
10 WT and 10 mutant samples over at least 14 days to suggest
possible spread locally. For this reason, a country where a mutant
had been recorded on only a single day or where only 9 mutant
samples were recorded overall was not included in our analysis.
Our heatmap scale was also truncated at 2.00 for ease of visual
comparison.

RESULTS AND DISCUSSION
In Silico Results

In silico comparison of the interface residues of the RBD/ACE2
complex in human and mouse models reveals 30 ACE2 residues
in close contact, of which 19 are conserved between mACE2
and hACE2 (approximately 63% identity for the contacting ACE2
residues). The RBD mutations associated with the mouse adap-
tations listed in Table 1 can be grouped loosely into 3 regions
by their positions on the ACE2/RBD interface as follows: region
1 (RBD positions 498, 499, and 501) centered around the highly
conserved ACE2 residue tyrosine 41 (Y41); region 2 (RBD positions
417, 493) centered around ACE2 residue 34; and region 3 (RBD
positions 484 and 486) close to a cluster of ACE2 residues 78 to
82. ACE2 residues within 5 Å (chosen to account for molecular
fluctuations) of each RBD adaptation are listed in Table 3, with
dissimilar hACE2/mACE2 residues highlighted in yellow. Figure 1
further illustrates these residues visually, and how they are
relatively positioned in 3 regions. Figure 2 aligns the hACE2 and
mACE2 to highlight the key differences at the contact points with
the RDB (shown in yellow).

Modeling the N501Y mutation at the ACE2/RBD interface
reveals a close interaction with the highly conserved Y41 residue
in ACE2, through attractive, non-covalent bonding between aro-
matic amino acids known as π-stacking interactions. In mACE2,
π-stacking can be enhanced by the proximal substitution of
histidine (H) in place of lysine (K), which is present at position
353 of hACE2. Our modeling also shows similar π-stacking
enhancement with the conserved Y41, through the substitution
of RBD glutamine at position 498 (Q498) to either histidine (H)
or tyrosine (Y). These aromatic π-stacking interactions appear
to be reasonably strong because N501Y and Q498H can each
sustain mouse adaptation on its own in experiments.6,13,23,28

Counterintuitively, our modeling predicts that simultaneous
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Table 1. Key mutations in 14 “mouse adapted strains” and 3 “variants of concern” of SARS-CoV-2 known to infect mice, with further
characterization as outlined in Table 2 (Omicron VOC not included as experimental evidence is not yet available)

aromatic mutations at RBD positions 498 and 501 are detrimental
to mouse adaptation due to local π-stacking distortion to the
binding interface. This could explain why very few simultaneous
aromatic mutations at these positions have been observed. In
over 2.4 million entries on GISAID as of July 21, 2021, we detected
only a single co-occurrence, that of an adapted isolate from
mouse lung homogenate where N501Y occurred with glutamate
498 to arginine.29 However, when we recently re-ran our in situ
model with over 4 million human-origin GISAID entries, we
detected 0, 2, and 14 instances of Y501 coexisting with Y498,
H498, and R498, respectively. The 2 instances of Y501-H498 are

low-quality and/or low-coverage sequences; the 14 instances of
Y501-R498 have been reported from France, Netherlands, South
Africa, Spain, United Kingdom, and United States between March
and September 2021. Although arginine is not aromatic, it is
frequently associated with π-stacking interactions with inherent
conformational flexibility compared with tyrosine or histidine.
Therefore, it is likely that the Y501-R498 combination is more
tolerated (eg, with the recent Omicron variant of concern).37

In region 1 (Table 3), we also note the proline 499 to thre-
onine (P499T) substitution in 2 infectious clones, presumably
engineered to enhance Y498. Modeling provides the following
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Table 2. Description of the characteristics of the “mouse adapted strains” generated from the in vivo studies discussed in Table 1. ∗Strain = Mouse
adapted strain name, Dose = Dose of SARS-CoV-2 mouse adapted strain provided to the mice stated in plaque forming units (PFU) or the Tissue
culture infective dose (TCID50), Shedding & Transmission = Any evidence of viral shedding and viral transmission observed in the mice

Species and age of mice (Study
reference), Strain, dose, shedding and
transmission∗

Evidence of productive SARS-CoV-2
replication in the respiratory tract

Clinical outcomes, histopathological
evidence of disease

Species and age of mice: Aged (9 months old)
and young (6 weeks old) BALB/c mice
studied.6

Strain name: MASCp66

Dose: Intranasal inoculation with
1.6 × 104 PFU
Shedding: Viral shedding observed in the
feces at day 3,5 and 7 after inoculation.
Transmission: No information

High amounts of viral RNAs in the lungs and
tracheas were detected at 3, 5 and 7 days
after inoculation in all aged mice, with peak
viral RNA loads of ∼ 1010 copies/g at 3 days
after inoculation. Viral RNAs were also
detected in heart, liver, spleen, and brain.
Similar tissue distribution of SARS-CoV-2
RNA was also seen in the MASCp6 infected
young mice.

Clinical: No visible clinical symptoms or body
weight loss were observed in both the young
and aged mice. No fatalities recorded.
Histopathological: Led to interstitial
pneumonia and inflammatory responses in
both young and aged mice, however the lung
damage in the aged mice was more severe.

Species and age of mice: Young (8-week-old)
and aged (9 months old) male and female
BALB/c mice and C57BL/6 mice studied.21

Strain name: MASCp3621

Dose: Intranasal inoculation with varying
doses including: 1.2 PFU, 12 PFU, 120 PFU,
1200 PFU, 12000 PFU
Shedding: No information
Transmission: No information

qRT-PCR results of aged BALB/c and C57BL/6
mice challenged with 12,000 PFU of MASCp36
showed that high levels of SARS-CoV-2
subgenomic RNAs were persistent in the lung
and tracheas till 4 dpi. A similar tissue
distribution of SARS-CoV-2 was observed in
the young BALB/c and C57BL/6 mice.

Clinical: All the aged BALB/c and C57BL/6
mice challenged with high doses (1200 or
12,000 PFU) of MASCp36 developed typical
respiratory symptoms and exhibited features
like ruffled fur, hunched back, and reduced
activity.
Young BALB/c and C57BL/6 mice were
resistant to MASCp36 challenge, and only one
animal that received 12,000 PFU challenge
died during the observation period.
Histopathological: Necrotizing pneumonia
and extensive diffuse alveolar damages
observed on 4 dpi in aged mice. Milder
pathology observed in the young mice.

Species and age of mice: Young adult
(12 weeks old) and aged (One year old) BALB/c
mice studied.7

Strain name: IC-MA17

Dose: Intranasal inoculation with 105 PFU
Shedding: No information
Transmission: No information

High-titre virus replication was also observed
in lung tissue at 2 dpi. This cleared by 4 dpi in
the young adult mice but continued to persist
at 4 dpi in the aged mice, suggesting that
there was increased viral replication in the
aged mice.
MA1 was also observed in the upper airway
and viral antigen was present in nasal
turbinate epithelium at 2 dpi in young adult
mice; viral antigen was found in conducting
airway epithelium, interstitium and nasal
epithelium in aged mice at 4 dpi.

Clinical: No overt clinical signs such as
weight loss observed in young adult mice but
a significant decrease in body weight was
observed in aged mice.
Whole-body plethysmography on mice
indicated impaired lung function at 2 dpi,
with the extent of impairment significantly
worse in the aged mice.
Histopathological: Interstitial congestion,
epithelial damage, inflammatory infiltrate
and peribronchial lymphocytic inflammation
surrounding airways at 2 dpi.
Histopathological effects seen in the aged
mice are more severe than those observed in
young adult mice.

Species and age of mice: Young (10-week-old)
and aged (1 year old) BALB/c mice studied.8

Strain name: IC-MA108

Dose: Doses ranging from 102, 103, 104 or 105

PFU were tested. However, 104 PFU and 103

PFU were determined as the optimal doses
for analysis in young and aged mice
respectively.
Shedding: Both old and young mice exhibited
viral titers in the nasal cavity over the first
3 days of infection.
Transmission: No information

Virus replication in the lungs of young mice
peaked 1–2 dpi and was absent in most
surviving mice by 7 dpi. Viral replication in
the upper respiratory tract of young mice
remained high on 1–3 dpi but was
undetectable in most mice by 5 dpi.
A similar trend was observed in the aged
mice, but the viral replication was detectable
for a much longer period.

Clinical: Young mice rapidly lost weight and
reached maximum weight loss at day 4 post
inoculation. On day 5, the collective mortality
rate was approximately 15%. Significant
weight loss was also observed in aged mice.
Mortality rates of 20% and 60% were recorded
for infection with 104 and 105 PFU,
respectively in the young mice.
Histopathological: At the time of necropsy,
acute stage lung damage was noted in the
young mice.
Analysis at 2, 4, and 7 dpi revealed early
multifocal damage to conducting airway
epithelia and hallmarks of diffuse alveolar
damage (DAD) was observed. The aged mice
had severe DAD and higher acute lung injury
scores. Overall, a dose- and age-related
increase in pathogenesis was observed.

(Continued)
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Table 2. Continued

Species and age of mice (Study
reference), Strain, dose, shedding
and transmission∗

Evidence of productive SARS-CoV-2
replication in the respiratory tract

Clinical outcomes, histopathological
evidence of disease

Species and age of mice: C57Bl6, BALB/c
and 129S1/SVMJ mice were studied
Young (6–8-weeks) or aged (52 weeks old)
C57Bl6 mice were used to study the effect
of obesity, obesity-associated diabetes, and
advanced age on clinical outcomes.13

Strain name: WA1-MA-P1113

Dose: Intranasal inoculation with 2.5×104

PFU
Shedding: No information
Transmission: No information

Detectable virus titres in lungs and nasal
turbinates of 129S1/SVMJ mice and lungs
of male and female C57Bl6 and BALB/c
mice, obtained at different days post
infection

Clinical: Weight loss detected in the 129S1/SVMJ
mice but not in the C57Bl6 and BALB/c mice.
Effect of increased age, comorbidities: Both
obesity/diabetes and advanced age in mice result
in higher morbidity during SARS-CoV-2 infection.

Species and age of mice: Groups of young
(4–6-week-old) female BALB/c mice, young
(4–6-week-old female) C57BL/6 J mice and
aging (8–9-month-old) male BALB/c mice
studied.23

Strain name: HRB26M23

Dose: Intranasal inoculation with 104.4 PFU
in a volume of 50 μL.
Shedding: No information
Transmission: No direct evidence of
transmission provided. However, the
presence of efficient viral replication in the
upper and lower respiratory tracts
indicates that transmission could be
possible.

In young BALB/c mice, viral RNA was
detected in the nasal turbinates on day 3,
5, and 7 p.i. (post infection) and the
infectious virus was detected on day 3
and 5 p.i. The viral RNA was also
detected in the heart, liver, kidney, and
spleen on day 3 p.i.
In C57BL/6 J mice, high viral loads in the
nasal turbinates and lungs on days 3, 5
and 7 p.i.
Similar observations made in the aging
mice. However, when compared to the
young mice, the average PFU titres in the
aging mice were 3 times higher and 10
times higher in the nasal turbinates and
lungs respectively.

Clinical: Similar to the young mice, the aging adult
mice showed transient weight loss on days 2 and 3
p.i. and recovered thereafter.
Histopathological: Mild pathological changes were
observed in the respiratory tract of young BALB/c
mice infected.
Moderate-to-severe pathological changes in the
lungs after infection in the aging mice.

Species and age of mice: Young
(4–6-week-old) BALB/c mice
studied.[Female 12-month-old BALB/c
mice only used for the initial generation of
the mouse adapted strain, not for any
analysis of the mouse adapted strain].26

Strain name: Hu-1-WBP-126

Dose: Intranasally infected with 10-fold
serial dilutions of the WBP-1 virus (i.e., 102

to 105 PFU).
Subsequently, detailed analysis on mice
was done by infecting mice with 50 μL of 2
LD50 [The LD50 of WBP-1 is 103.8 PFU].
Shedding: No information
Transmission: No information

In mice given the 50 μL of 2 LD50: High
viral loads were observed in the trachea
and lung of infected mice, with lung
tissues having the highest number of
viral RNA copies. Trace amounts of viral
nucleic acid were detectable in turbinate,
heart, and spleen.

Clinical: In the groups of mice infected with the
10-fold serial dilutions: All groups of infected mice
began to lose weight at 2 dpi and the weight loss
was dose dependent. Bristled fur and depressed
spirits in mice was also observed.
The group of mice receiving a dose of 105 PFU
WBP-1 virus all died (5/5) by 5 dpi. Two out of five
mice survived in the group administered 104 PFU
virus.
In the mice given the 50 μL of 2 LD50: Clinical signs
of infection were observed in infected mice at 2 dpi.
Histopathological: In mice given the 50 μL of 2 LD50,
Acute stage lung damage was noted. Moderate
interstitial pneumonia with thickened alveolar
septa occurred at 3 dpi, which progressed to severe
interstitial pneumonia on 5 dpi. Inflammatory cell
infiltration was observed in the lung tissue.

Species and age of mice: 10-week-old
female BALB/c mice).27

Strain name: IC-MA4
Dose: Mice infected with 105 PFU
Shedding: No information
Transmission: No information

Evidence of robust viral replication in
mouse lungs.

Clinical: No information
Histopathological: No information

Species and age of mice: 10-week-old
female BALB/c mice.27

Strain names: IC-CMA127, IC-CMA227,
IC-CMA327

Dose: Mice intranasally inoculated with
105 PFU
Strain names:
IC-CMA3p20 [IC-CMA3 after passage 20],
IC-CMA3p20 [IC-CMA3 after passage 20]
Dose: 105 PFU was the main dose
administered, but doses 104 and 106 PFU
also administered to some mice.

All three mutants (CMA1, CMA2, CMA3)
produced approximately, 105 PFU per
lobe at day 2 post infection. However, no
virus was detected at day 4, suggesting
rapid clearance by the host.
In mice given IC-CMA3p20, robust viral
replication was observed. There was a
significantly greater viral load in the lung
compared to IC-CMA3p20 at 2 dpi.

Clinical: None of the three mutants (CMA1, CMA2,
CMA3) induced major disease, although both CMA2
and CMA3 caused more weight loss than CMA1.
Mice infected with IC-CMA3p20 had a 10% weight
loss by day 3 and showed signs of disease including
ruffled fur and hunched posture.
Histopathological: Mice infected with CMA3p20
had significant lung infiltration and inflammation
characterized by peribronchiolar, perivascular
cuffing, and perivasculitis by day 2 post infection.
At 4 dpi, collapsed airways and interstitial
pneumonia was observed in the mice.

(Continued)
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Table 2. Continued

Species and age of mice (Study
reference), Strain, dose, shedding
and transmission∗

Evidence of productive SARS-CoV-2
replication in the respiratory tract

Clinical outcomes, histopathological
evidence of disease

Species and age of mice: Young (2 months
old) and aged (12-month-old) BALB/c
mice.28

Strain name: LG
Dose: 1 × 105 TCID50 in a volume of 50 μL.
Shedding: No transmission
Transmission: No information

Effective viral replication in the lungs
and trachea of the young and aged mice,
although there was more viral replication
in the aged mice.

Clinical: Weight of the aged mice was slightly
decreased, but there were no evident changes in
the weight of young mice.
Histopathological: Lung lesions of the aged BALB/c
mice were obvious, but those of young mice were
not, with only slight lymphocyte exudation.

Table 3. SARS-CoV-2 spike RBD mutations associated with mouse adaptation and their close contact residues in respective ACE2 proteins.
Positions with dissimilar human/mouse residues are highlighted in yellow

insight on this: the change from P to T will relax the backbone
constraints of proline and allow conformational rearrangement
of threonine to contact the conserved ACE2 residues Y41 and
L45. However, we did not find any strong molecular modeling
basis for this mutation to sustain mouse adaptation on its own
or evolve naturally alongside adaptive mutations at positions 498
or 501; this is borne out by experimental evidence to date. In
other words, in silico predictions combined with in vitro and in vivo
evidence collectively suggest that mouse adaptation requires
an aromatic substitution in either position 501 or position 498
(but not both); additional mutations, especially in region 2 and
region 3 of the RBD as summarized below, enhance ACE2-binding
interactions and specificity in mice. These predictions are fur-
ther supported by AlphaFold, which assigns very high confidence
scores (>93 in a scale of 0–100) for the structural predictions
involving these key mutations of the individual proteins; how-
ever, predictions of the RBD/ACE2 complex are currently sub-
optimal. With time, the quality of AlphaFold predictions of pro-
tein complexes will improve thanks to additional experimental
observations, and thus it is expected to play a more central role
in structural interpretation during pandemics such as COVID-19
and future “disease-X.”

From Table 1, we see that mouse-adapted strains sometimes
carry the Q493K/R mutation (polar glutamine to basic lysine
or arginine). Modeling predicts this as being enabled through
favorable salt-bridge interactions with both glutamic acid 35 or
aspartic acid 38, both of which are conserved in hACE2 as well
as mACE2 (see Table 3, region 2). The K417N substitution (lysine
to asparagine), which is another experimental observation

Figure 1: The RBD/ACE2 interface. The receptor binding domain (RBD) is shown

in cyan, and the ACE2 is shown in yellow. Pink spheres indicate relative positions

of mouse adapting mutations on the RBD, while the blue spheres represent

interface residues that differ between human and mouse ACE2 sequences,

shown in green and orange, respectively.

from Table 1, is also predicted by modeling to be advantageous
for mouse adaptation due to favorable amide hydrogen bond
interactions with interfacial mACE2 residues asparagine 30 and
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Figure 2: Sequence alignment of human and mouse ACE2 highlighting contact points with the SARS-CoV-2 spike receptor binding domain in yellow. Differences between

contact points are highlighted in green (human) and orange (mouse), and common contact residues are highlighted in cyan.

glutamine 34; such amide hydrogen bonding is not possible in
hACE2 because it has non-amide lysine (K) and histidine (H)
residues, as also noted by other researchers.21 With the Gamma
variant of concern, it is unclear whether the K417T enhances
the role of N501Y in mouse adaptation in a similar manner.
The “Delta plus” variant of concern has the K417N mutation,
but there is no molecular modeling basis to believe that it can
infect mice without an aromatic change in position 498 or 501 as
described above. It would be worthwhile to further investigate
any interfering role of glycosylation at this interface region,
because hACE2 contains N-linked glycosylation at asparagine
90, whereas mACE2 does not (its analogous residue is threonine
T90, according to Uniprot references Q8R0I0 and Q9BYF1).

In region 3, the K484 residue is not positioned directly at
the interface and not observed to interact strongly with any
ACE2 residues; however, our model shows occasional salt bridges
can be formed with relatively close glutamic acid residues in
positions 35 and 75 that are conserved in both hACE2 and
mACE2. Our simulations show that the distance between K484
and these glutamic acid residues fluctuates dynamically from
3 to 20 Å, with salt bridges more likely when distances are
approximately 3 Å. Thus, the E484K, which is present in the Beta
and Gamma VOC, and more recently in some Alpha isolates
as well, is likely to have an enhancing role through transient
salt bridges. The same cannot be said about E484Q seen in the
Delta variant of concern because salt bridge formation is unlikely
with the polar glutamine (Q) residue. With no accompanying
aromatic change in positions 498 or 501, we believe that the
E484Q in Delta, and additionally the K417N in “Delta plus,”
cannot sustain mouse infectivity on their own based on current
biomolecular understanding. It also follows that the Omicron
variant of concern is expected to infect WT mice because it
has the essential and enhancing mutations. The residues 75 to
82 in mACE2 are significantly different from hACE2 (Table 3);

therefore, any mutation in the corresponding RBD interface
is worth investigation. We could find one from experimental
observations, the engineered substitution F486L,27 and consider
it to have at best an enhancing role. Because it was observed
simultaneously with Q498Y (which is likely to sustain mouse
infectivity on its own), the contribution of F486L to the overall
mouse adaptation remains to be ascertained.

Comparison With In Vitro, In Vivo, and In Situ
Observations

Early in silico predictions based on comparative structural anal-
ysis of ACE2 suggested that mouse has a very low probabil-
ity of being infected.35,36 Although correct about mouse, those
analyses also made inconsistent and erroneous predictions that
ferrets would not be susceptible, pigs would be susceptible, etc,
thus exposing the need for experimental inputs into the model.
Therefore, this paper takes into account a range of experimental
observations to cross-check our in silico predictions through
biomolecular modeling. Wan et al reasoned that “mouse or rat
ACE2 contains a histidine at the 353 position which does not fit
into the virus-receptor interaction as well as a lysine does.”35

Although this is true of the original Wuhan strain containing
N501 in the RBD, our modeling indicates why the tyrosine 501
mutation enables mouse infectivity, even on its own. In hACE2,
lysine 353 creates a salt bridge with conserved aspartic acid 38.
In mACE2, lysine 353 is replaced by the aromatic histidine to
complete the salt bridge as well as contribute to π-stacking with
the Y501 variant. The N501Y mutation will also lead to favorable
π-stacking with the highly conserved Y41 residue in mammalian
ACE2, as suggested by Starr et al38 with deep scanning of RBD
mutations and hACE2 affinity assays. These authors highlighted
enhanced affinity of F501 (as it had the highest score), followed
by Y501, V501, W501, and T501, in that order. But Y501 and
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Table 4 Comparison of in silico, in vitro, in vivo and in situ observations of key mutations in Table 1

Essential position in RBD Enhancing position(s) in RBD for mouse adaptation

Analysis Q498 N501 K417 E484 F486 Q493 P499

In silicoa H Y F We Y H F We N Qh K Q L K L R T
in vitrob H Y F W F Y V W T – R K T Q – M A Y F K L V –
in vivoc H R Y Y M N T K Q L K R T
In situd R Hf Y T H Fg N T Mi K Q R Tj Lk K L Rl Tm

aPredicted by our modeling. For E484, F486, Q493, and P499, our work only reconfirmed in vivo observations. bArranged in descending order of affinity binding from in
vitro experiments reported by Starr et al.38 cObserved in vivo with studies summarized in Table 1 (alphabetical order). Note L486 and P499 were engineered. dObserved
on GISAID as of July 21, 2021, after removing noise from low-sample countries. Only key trends are presented. eThese aromatic residues are predicted to have similar
interactions with Y41 of ACE2. fF W Y not observed yet. Since early 2021, R observed in several countries, and H in Slovenia and USA (albeit the latter are of low quality
and/or low coverage). gV W not observed yet. H observed in several countries (mid 2020), T in Spain’s Canary Islands (early 2021), and F in Colombia, Germany, Mexico,
and Sweden (mid-2021). Y observed in several countries (Supplementary Figure 1). hModeled mutations predict favorable amide hydrogen bonding. N and Q mutations
each require a single nucleotide change, but there are 2 ways to get from N to K. iQ observed in the USA (August 2021). N (mutation G22813T) and T observed in several
countries (Supplementary Figure 2a and b). Interestingly, N (alternative mutation G22813C) has a sporadic presence in UK and USA (since late 2020). jK observed in
several countries (Supplementary Figure 2c). Sporadic presence of Q (several countries from March 2020 to August 2021), R (Angola, Brazil, South Africa, South Korea,
UK, USA, since late 2020), and T (USA in mid-2021) observed. kSporadic presence of different synonymous mutations (T23018C in several countries; T23020G in USA
and 1 instance in Turkey) observed since late 2020. lA, F, M, V, Y not observed yet. Sporadic presence observed for K (Italy since early 2020), L (Trinidad and Tobago in
mid-2021), and R (several countries mid-2020). mSporadic presence since late 2020 in Bulgaria, Canada, Netherlands, and USA.

T501 require only a single nucleotide change and have been
observed more frequently in situ (Supplementary Figure S1a)—
compared with F501, V501, and W501, which require 2, 2, and 3
nucleotide changes, respectively. It is unsurprising that the latter
variants requiring 2 or more changes were rarely observed in situ
regardless of their high in vitro affinity scores from Starr et al.38

From the above and Table 4, we see that in silico analysis
can provide valuable insights to interpret and bridge in vitro, in
vivo, and in situ observations on the RBD position 501. A similar
analysis is possible with the alternative essential mutation for
mouse adaptation at RBD position 498, where the in vitro affinity
enhancement order is H498, Y498, F498, and W498 according
to Starr et al.38 Of these, H498 (on its own) and Y498 (with
enhancing RBD mutations) have been shown to result in mouse
adaptation in vivo (Table 1)7,8,23–28; glutamate 498 to arginine
was also reported once, unusually in combination with N501Y,
isolated from mouse lung after 30 passages. In humans, in situ
observations of these variants have been limited to R498 (57
occurrences) and H498 (8 occurrences) so far. Thus, it is clear
from in vitro, in vivo, and in situ analyses (Table 4) that H498, R498,
and Y498 are possible but not yet common. This is consistent
with our in silico predictions because H498 and Y498 are aromatic
(enabling π-stacking with ACE2 Y41; similar to Y501), and R498
has conformational flexibility and can still be associated with
π-stacking interactions.37 H498 and R498 observed in situ require
a single nucleotide change from Q498, whereas Y498 requires 2
nucleotide changes (or 1 change from H498).

Similar insights are also possible for the enhancing RBD
mutations (see Tables 1 and 4). From in vivo and in situ
observations, we see that K417M is less common than K417N
or K417T (Supplementary Figure S2a and b), although in vitro
studies did not predict any enhancement.38 In silico predictions
show that all these require a single nucleotide change but that
N417 (and Q417) would benefit from amide hydrogen bonding.
E484K is present in Beta and Gamma (Supplementary Figure
S2c) and increasingly in Alpha VOC, whereas E484Q is present
in the Kappa variant of interest that is related to the Delta
VOC. Compared with these 2 substitutions and notwithstanding
higher in vitro affinity scores, R484 and T484 are infrequently
observed in situ, which is consistent with our in silico predictions
because they each require 2 nucleotide changes from E484
or 1 change from K484. The F486L and P499T were originally
engineered in vivo but have had sporadic in situ presence in

human populations. In silico predictions suggest that the F486L
mutation (accessible by 3 possible ways of a single nucleotide
change) can aid mACE2 adaptation due to the human-mouse
differences in ACE2 at the 78–82 region; the P499T is also a single
nucleotide change (but only 1 way from P to T) and predicted
to be rare in comparison. Finally, in silico predictions for Q493
substituted by K, L, or R (each a single nucleotide change) are
borne out in vivo and in situ, although their affinity scores from
in vitro experiments are low. The affinity scores from Starr et al38

were developed for hACE2 (not mACE2), so we expected a greater
correlation than what has been observed in situ in human popu-
lations, but perhaps it is still early in the pandemic to assess this
definitively. It also looks likely that there are factors other than
enhancement of ACE2 binding that determine susceptibility—as
seen from Starr et al38 and Table 4, from our own inconclusive
attempts at correlating free energy binding affinities using in
silico methods (not shown), and from a more detailed in silico
model by Piplani et al39 that counter-intuitively predicts lower
binding free energy for dogs compared with more susceptible
animals such as monkeys, hamsters, ferrets, cats, and tigers.10

Some mutations in the essential as well as enhancing posi-
tions can lead to other mutations. For example, N501Y, the key
mutation common to the Alpha, Beta, and Gamma VOC, can lead
to F501 with a further nucleotide change. Similarly, the enhanc-
ing E484K mutation can also lead to R484 or T484 with a further
nucleotide change. We examined whether in situ observations
are consistent with or contrary to our in silico predictions. Indeed,
F501 was observed in Sweden (April 28, 2021), Germany (May 7,
2021), Mexico (June 22, 2021), and Colombia (June 30, 2021), once
in each of these 4 countries, while the Y501 has been observed in
these countries since March 12, 2020; October 21, 2020; January
31, 2021; and September 19, 2020, respectively. The United King-
dom reported E484R in August 2020, followed by Angola in April
2021, Brazil and the United States in May 2021, South Korea in
June 2021, and South Africa in July 2021. In each case, the E484K
was detected prior to E484R—the former mutation circulating in
the United Kingdom, Angola, Brazil, United States, South Korea,
and South Africa from April, August, April, March, December,
and August 2020, respectively. Similarly, E484T was only recently
detected in the United States in June 2021, 15 months after the
first report of E484K in that country. All 11 instances are thus
consistent with our prediction—whether this link is causal or a
coincidence is worthy of investigation with local epidemiological
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Figure 3: Significant occurrences on GISAID of (a) N501Y, E484K, and K417N (nucleotide change G22813T) triple mutations and (b) N501Y, E484K, and K417T triple

mutations at the virus receptor binding domain (RBD) since the start of the COVID-19 pandemic (December 31, 2019). These countries are encouraged to perform

targeted field surveillance.

data. Although bioinformatics tools can provide useful insights,
only 1 sample out of 53 COVID-positive cases is on average
sent for virus genome sequencing (as of October 4, 2021), with
huge variations across time and locations and a lot of missing
meta-data.40,41 This means we are more confident about ruling
in (eg, when a variant has been detected in a location) than ruling
out the possibility of a mutation circulating purely based on in

silico data, even if the latter is statistically large (4 million as of
October 4, 2021).

Our analysis is not just of theoretical interest; it has huge
practical applications because mice can be kept as pets or come
into contact with other pets like cats, which are known to be
susceptible. Also, mouse plague can occur in areas of COVID-19
outbreaks or endemicity, as is currently the case in New South
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Wales and adjacent states of Australia.42 To help public health
and animal health professionals, Figure 3a and b show the 11
countries where the key essential and enhancing mutations
listed in Tables 1 and 4 (viz. N501Y, E484K, and K417N/T) have
co-occurred. The underlying raw data, down to regional counts
for these combinations, are available.43 We believe that this
information will help locate areas at risk (especially in Brazil,
Chile, Djibouti, Haiti, Malawi, Mozambique, Reunion, Suriname,
Trinidad and Tobago, Uruguay, and Venezuela) for appropriate
mitigation measures.

CONCLUSION AND FURTHER ANALYSES
Assessing the risk of viruses adapting to new hosts requires
careful interpretation of all available data from in silico, in vivo,
in vitro, and in situ sources. Understanding host adaptation at a
molecular level via modeling helps reconcile seemingly conflict-
ing, experimental, and clinical observations while a pandemic is
still in progress. We have demonstrated this with the SARS-CoV-
2 virus adapting to mice. Our conclusions come with humility,
because they are based on best available evidence up to this
point but allow us and others to refine when more evidence
becomes available. Armed with our collective understanding
from different approaches and bolstered by bioinformatics and
emerging artificial intelligence technologies such as AlphaFold,
we have shown how to position ourselves better to predict and
mitigate virus host adaptations, not just for this pandemic but
also for future disease-X. Further analyses pertaining to COVID-
19 should focus on the role of mutations beyond the spike and
RBD; experimentally prove that the Omicron variant of concern
can infect WT mice; improve computational modeling of binding
affinities to explore correlations with susceptibility, if any; assess
the actual risk of transmission for this virus through aerosol vs
other routes; and study other hosts such as rats and other poten-
tial reservoir species (even those that previously exhibited low
receptor activities) that will be hard to vaccinate or control.35,36,44

SUPPLEMENTARY METHODS FOR
MOLECULAR MODELING
Molecular simulations were performed using NAMD2.1445 with
CHARM36m46 forcefield employing a “TIP3” water model. The
SARS-CoV-2 spike/ACE2 model was a homology model based on
one of the best protein database structures available at the time
of our analysis, viz. 6 M17, which is deemed to be of sufficient
quality for our purpose.15 Variant models of the SARS-CoV-2
spike RBD domain (residues 330 to 530) containing the mouse
adapted mutations were constructed by mutating residues in
the NAMD build scripts, but later found to be in very close
agreement with the same model constructed using AlphaFold16

(less than 0.9 Å RMSD difference to C-Alpha backbone atoms). A
truncated mACE2 consisting of residues 19 to 600 was built using
Swiss modeller,47 and similarly found to be in close agreement
with the equivalent AlphaFold model. Amino acid side chain
conformations predicted by AlphaFold were used in all initial
RBD model starting conformations. Glycosylation of the spike
and mACE2 protein was manually constructed using Visual
Molecular Dynamics (VMD). Simulations were run with Periodic
Boundary Conditions “PBCs”using the “NPT” isothermal-isobaric
ensemble at 310 K and 1 bar pressure employing Langevin
dynamics. The PBCs were constant in the XY dimensions. Long-
range Coulomb forces were computed with the Particle Mesh
Ewald method with a grid spacing of 1 Å. 2 fs timesteps were
used with non-bonded interactions calculated every 2 fs and

full electrostatics every 4 fs while hydrogens were constrained
with the “SHAKE” algorithm. The cut-off distance was 12 Å with
a switching distance of 10 Å and a pair-list distance of 14 Å.
Pressure was controlled to 1 atmosphere using the Nosé-Hoover
Langevin piston method employing a piston period of 100 fs and
a piston decay of 50 fs. Trajectory frames were captured every
100 ps. Eleven variant models were constructed representing
the mouse-adapted variants observed in Table 1 as well as
the original Wuhan RBD model with both mouse and hACE2.
Models were simulated for 300 nanoseconds. Trajectories were
visualized with VMD and Nanome. Modelling data shall be made
available on the CSIRO Data access portal (https://data.csiro.au/).

Supplementary Data
Supplementary materials are available at ILAR Journal online
(https://academic.oup.com/ilarjournal). Supplementary materi-
als consist of data provided by the author that are published to
benefit the reader. The posted materials are not copyedited. The
contents of all supplementary data are the sole responsibility of
the authors. Questions or messages regarding errors should be
addressed to the author.
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