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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections on mink farms are increasingly observed in sev-
eral countries, leading to the massive culling of animals on affected farms. Recent studies showed multiple (anthropo)zoo-
notic transmission events between humans and mink on these farms. Mink-derived SARS-CoV-2 sequences from The
Netherlands and Denmark contain multiple substitutions in the S protein receptor binding domain (RBD). Molecular model-
ing showed that these substitutions increase the mean binding energy, suggestive of potential adaptation of the SARS-CoV-
2 S protein to the mink angiotensin-converting enzyme 2 (ACE2) receptor. These substitutions could possibly also impact
human ACE2 binding affinity as well as humoral immune responses directed to the RBD region of the SARS-CoV-2 S protein

in humans. We wish to highlight these observations to raise awareness and urge for the continued surveillance of mink

(and other animal)-related infections.
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Recently, the first reports on the infection and spread of Severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) on
mink farms in The Netherlands were published (Oreshkova
et al. 2020; Oude Munnink et al. 2020). On several mink farms
workers experienced coronavirus-related symptoms prior to the
outbreaks, leading to the assumption that the workers intro-
duced the virus within these farms. Interestingly, these studies
identified multiple substitutions in the receptor binding domain
(RBD) of the SARS-CoV-2 spike protein: Y453F, F486L, and N501T

(Oreshkova et al. 2020; Oude Munnink et al. 2020) (Genbank ac-
cession numbers MT396266, MT457390-MT457401). In addition,
the Y453F substitution was also present in mink-derived
sequences from Denmark (Genbank accession numbers
MT919525-MT919536). Additionally, experimental infection of
ferrets showed the emergence of the N501T substitution within
days post-infection (Richard et al. 2020). These three substitu-
tions involve key positions in the RBD that interact with the
angiotensin-converting enzyme 2 (ACE2) receptor (Lan et al.
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Table 1. Overview SARS-CoV-2 ACE2 receptor binding domain substitutions in mink-related sequences and their interacting residues within

ACE2.
Substitution Interacting residues in human ACE2 Interacting residues in mink ACE2
Y453F H34 Y34
FAS6L L79, M82, Y83 H79, T82, Y83
N501T Y41, K353, G354, Y41, K353, R354
A B

Human

Mink

L486

Figure 1. Structure of the SARS-CoV-2 RBD bound to ACE2 and location of substitutions within the mink-derived SARS-CoV-2 RBD. (A) Overview of SARS CoV-2 spike
RBD interactions with ACE2. ACE2 is shown in green and RBD in light blue. Positions of residues 453, 486, and 501 are indicated. (B) Comparisons of interactions of hu-
man derived SARS-CoV-2 RBD-ACE2 (upper panels) and mink-derived SARS-CoV RBD-ACE?2 interfaces (lower panels). ACE2 is shown in green and RBD in different
shades of blue. Residues 453, 486, and 501 are indicated. Substitutions within mink RBD and ACE2 are indicated in orange and yellow, respectively. Modeling of substi-
tutions and pictures produced by PyMol (The PyMOL Molecular Graphics System, Version 2.0 Schrédinger, LLC) on structure PDB 6MO]J (Lan et al. 2020).

2020). Similarly, several of these substitutions were also ob-
served in strains obtained from human cases, related to infec-
tions on mink farms (Oude Munnink et al. 2020).

Multiple ACE2 residues that differ between human and mink
ACE2, interact with the Y453F, F486L or N501T residues (Table 1,
Fig. 1) (Damas et al. 2020) of SARS-CoV-2 spike RBD. These differ-
ences may underlie the selective pressure for the virus to adapt
to the new host, optimizing its spike protein binding affinity to
the mink ACE2-receptor. On visual inspection, substitutions
Y453F, F486L and N501T appear to provide a possible better fit
to the mink ACE2 receptor residues (Fig. 1) (Lan et al. 2020). To
investigate this hypothesis, we calculated binding energy
changes resulting from the RBD substitutions Y453F, F486L and
N501T, which are in contact with the residues that differ be-
tween the human and mink ACE2 receptor (Table 1). This was
done by simulating annealing energy minimizations through
short molecular dynamics (MD) simulations in YASARA (Krieger
and Vriend 2014). To validate our approach, we also estimated
binding energy changes of RBD substitutions that were found to
alter receptor-binding affinity with human ACE2 in a recent
deep mutational scanning study (Supplementary Fig. S1) (Starr
et al. 2020). Although we only found a weak correlation between
our binding energy estimates and the experimentally measured
effects of these RBD substitutions on human ACE2 receptor
binding for this limited data set, we could still make qualitative

inferences from the energy estimates on the potential binding
effects of the RBD substitutions found in minks and their corre-
sponding ACE2 receptor.

Our analyses showed an overall increase in mean binding
energies between substitutions Y453F, F486L and N501T and the
mink-like ACE2 receptor in the same range as those substitu-
tions that improved binding with human ACE2 receptor
(Supplementary Fig. S1 and Table S1), suggesting that these RBD
substitutions found in minks may indeed improve binding of
the spike protein to mink ACE2 compared to human ACE2 (see
Supplementary Material). These findings indicate that adapta-
tion toward improved mink ACE2 usage could be an explanation
for part of the current SARS-CoV-2 evolutionary pattern in
mink-farm related infections in The Netherlands.

Such naturally occurring RBD substitutions might be
expected after a (anthropo)zoonotic event. For instance, lion-
derived SARS-CoV-2 sequences contain a Y505H RBD substitu-
tion, tiger-derived sequences contain a F456Y RBD substitution
and in a mouse-adapted SARS-CoV-2 strain RBD substitutions
Q493K, Q498Y and P499T are selected after serial passaging
(Leist et al. 2020; McAloose et al. 2020). All of these positions in
the RBD have been reported to interact with the ACE2 receptor
(Lan et al. 2020). Such substitutions may also have an impact on
SARS-CoV-2 affinity to human ACE2. While the aforementioned
DMS study showed a lower affinity for human ACE2 for the tiger
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and lion-derived RBD substitutions, both our computational esti-
mates and the deep mutational scanning study showed that the
Y453F and N501T substitutions also increase binding affinity to
human ACE2 (Starr et al. 2020). As such, it is possible that these
viruses could successfully infect humans and possibly even
transmit among humans (Starr et al. 2020). Nonetheless, there is
currently no evidence of ongoing transmission in humans of
SARS-CoV-2 with these substitutions in The Netherlands, based
on the ongoing genomic surveillance efforts.

However, recent outbreaks have been reported at more than
200 mink farms in Denmark. Additionally, over 200 human
SARS-CoV-2 sequences collected in Denmark, contain the Y453F
RBD substitution as detailed in the rapid risk assessment by the
European Centre for Disease Prevention & Control (ECDC 2020).
The F486L and N501T substitutions were not detected in the
human-derived Danish sequences. Although the introduction
of the Y453F SARS-CoV-2 variant in the human population was
likely due to the outbreaks at mink farms, many of the infected
humans in Denmark had no direct link to the affected mink
farms, indicating the possibility of sustained transmission of
the Y453F variant among humans (Serum Statens Institute
2020). Whether or not this is related to additional spike substitu-
tions identified in Denmark should be investigated further.

These identified RBD substitutions could also affect the level
of protective immunity against SARS-CoV-2 in humans.
Antibodies that are elicited after a SARS-CoV-2 infection in
humans mainly target the spike protein (Brouwer et al. 2020).
Antibodies targeting the RBD of the spike protein offer protec-
tion by inhibiting the attachment of SARS-CoV-2 to target cells
(Tai et al. 2020). Therefore, it is not unreasonable to assume that
the substitutions occurring in the RBD might alter the potential
level of protection provided by antibodies directed at this re-
gion, either post-infection or vaccination. For instance, the
Y453F mutation was recently shown to be an escape mutation
for the monoclonal antibody RGN10933 (Baum et al. 2020). In ad-
dition, in a recent case report involving a patient receiving
Regeneron treatment, escape mutations were identified on sev-
eral positions the S protein, including positions 486 and 501
(Choi et al. 2020). It is therefore of the utmost importance to de-
termine whether or not the neutralizing capacity of human
sero-convalescent sera remains effective against viral variants
with the identified substitutions.

In summary, mink-derived SARS-CoV-2 strains encode sub-
stitutions in areas of the genome crucial to ACE2 receptor bind-
ing and could potentially affect neutralizing antibody responses
in humans as well. With this reflection we would like to high-
light these observations, raise awareness and urge for the con-
tinued surveillance of mink (and other animal)-related
infections. Furthermore, we wish to stress the importance of ge-
nomic surveillance in a OneHealth setting including animal-
derived SARS-CoV-2 viruses.

Supplementary data

Supplementary data are available at Virus Evolution online.
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