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Single-molecule force stability of 
the SARS-CoV-2–ACE2 interface in 
variants-of-concern

Magnus S. Bauer    1,2,3,4,8, Sophia Gruber1,8, Adina Hausch    1,5,8, 
Marcelo C. R. Melo    6,8, Priscila S. F. C. Gomes    6,8, Thomas Nicolaus1, 
Lukas F. Milles    3,4, Hermann E. Gaub1,9, Rafael C. Bernardi    6,9 & 
Jan Lipfert    1,7,9 

Mutations in SARS-CoV-2 have shown effective evasion of 
population immunity and increased affinity to the cellular receptor 
angiotensin-converting enzyme 2 (ACE2). However, in the dynamic 
environment of the respiratory tract, forces act on the binding partners, 
which raises the question of whether not only affinity but also force stability 
of the SARS-CoV-2–ACE2 interaction might be a selection factor for 
mutations. Using magnetic tweezers, we investigate the impact of amino 
acid substitutions in variants of concern (Alpha, Beta, Gamma and Delta) and 
on force-stability and bond kinetic of the receptor-binding domain–ACE2 
interface at a single-molecule resolution. We find a higher affinity for all of 
the variants of concern (>fivefold) compared with the wild type. In contrast, 
Alpha is the only variant of concern that shows higher force stability (by 
17%) compared with the wild type. Using molecular dynamics simulations, 
we rationalize the mechanistic molecular origins of this increase in force 
stability. Our study emphasizes the diversity of contributions to the 
transmissibility of variants and establishes force stability as one of the 
several factors for fitness. Understanding fitness advantages opens the 
possibility for the prediction of probable mutations, allowing a rapid 
adjustment of therapeutics, vaccines and intervention measures.

Viruses constantly adapt to their hosts through genomic changes. 
Although many mutations are silent or inviable, some result in increased 
fitness by increasing the intrinsic transmissibility or evasion of popula-
tion immunity. Better adaptation and higher transmissibility enable 
new variants to supersede existing ones, as it was observed by the emer-
gence and rapid spread of variants of concern (VOCs) of SARS-CoV-2 

(Supplementary Fig. 1). Adaptations associated with the increased 
fitness of SARS-CoV-2 often go along with higher affinity to host fac-
tors1–4. Nonetheless, the attachment of SARS-CoV-2 to the human 
angiotensin-converting enzyme 2 (ACE2) receptor occurs within the 
dynamic environment of the respiratory tract, where external forces 
generated by breathing, coughing and ciliary-beating-mediated mucus 
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the direct measurements of force stability and reveals significant 
differences between the VOCs. Furthermore, we are able to identify 
the amino acid substitutions responsible for the changes. In addition 
to force stability, we find that by extrapolating bond lifetimes to zero 
force, we can quantitatively compare with and reproduce equilibrium 
affinity constants measured in bulk. Using MD simulations, we identify 
key residues that stabilize the RBD–ACE2 interface and calculate the 
correlation between their movements. Aggregating the individual 
correlations from MD simulations into a new total correlation metric, 
we are able to accurately reproduce the experimentally determined 
relations in force stabilities. Thus, we can experimentally determine 
differences in force stability between different VOCs using MT and 
elucidate their molecular origin with the help of MD simulations. Cor-
relating our results to observations from epidemiology, we suggest 
that increased force stability of the ACE2:RBD interface can increase 
the intrinsic transmissibility. We anticipate that taking into account 
force stability will aid the predictions of future VOCs.

Results and discussion
Force stability of SARS-CoV-2 interaction with ACE2 for VOCs
We design fusion protein constructs comprising the ectodomain of 
the human ACE2 receptor connected by a flexible polypeptide linker to 
the RBD of SARS-CoV-2 for both the wt strain and Alpha, Beta, Gamma 
and Delta VOCs (Fig. 1c,d and Table 1). We attach the tethered ligand 

clearing5,6 continuously challenge the attachment process (Fig. 1a). It 
is crucial to recognize that for a successful infection, not only affin-
ity but also stability under force of the viral attachment to the host 
play a critical role7–15. Single-molecule measurements and molecular 
dynamics (MD) simulations have investigated the mechanical stabil-
ity of SARS-CoV-2 binding to its receptor ACE2 (refs. 2,11–13,16–19). In 
particular, single-molecule measurements have demonstrated that 
SARS-CoV-2 VOCs exhibit higher binding frequencies11,13,16, greater avid-
ity17 and extended bound lifetimes11,13,17 compared to the wild-type (wt) 
virus, suggesting differences in mechanical stability among variants.

Despite these findings, the variation in force stability across vari-
ous VOCs and its potential correlation with viral transmissibility remain 
unclear. In this study, we employ a highly sensitive single-molecule 
assay designed to simulate the natural force exposure experienced 
during infection, enabling the examination of SARS-CoV-2 attachment 
to ACE2 under load. Our approach uses a fusion protein construct that 
features the receptor-binding domain (RBD) from the SARS-CoV-2 
spike protein coupled to the ACE2 ectodomain via a flexible peptide 
linker with molecular handles suitable for attachment in magnetic 
tweezers (MT) (Fig. 1b–d)18. Coupling in MT enables us to probe the 
mechanical strength and dynamics of the RBD–ACE2 interaction 
under precisely defined forces, with a very high force resolution18–24  
(Fig. 1). Using our single-molecule assay, we characterize the interaction 
of SARS-CoV-2 wt and VOC constructs with ACE2. Our assay enables 
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Fig. 1 | A single-molecule tethered ligand assay to study RBD binding to ACE2 
for VOCs of SARS-CoV-2. a, A SARS-CoV-2 virion (grey) presents its spike protein 
trimers containing three RBDs (blue) ready for binding to human ACE2 (red). 
Attachment occurs in the dynamic environment of the respiratory tract, where 
the interaction must withstand external forces (black arrow). b, Crystal structure 
of SARS-CoV-2 RBD (blue) bound to ACE2 (red) (PDB ID: 6m0j)1. The termini 
of protein chains are marked with yellow spheres. Amino acid substitutions 
featured in current VOCs are indicated in cyan. The crystal structure was 
rendered using VMD2. c, Zoomed-in views of the interface regions indicated in 
b. RBD residue N501 featured in VOCs Alpha, Beta and Gamma forms a hydrogen 
bond with ACE2 residue Y41 (top)1. RBD residues E484 and K417 featured in VOCs 
Beta and Gamma form salt bridges and hydrogen bonds with ACE2 residues 
K31 and D30, respectively (bottom)1,3. Bridges and bonds are indicated by the 
black dashed lines. d, Schematic of the tethered ligand construct in MT. SARS-

CoV-2 RBD (blue) is tethered via a flexible peptide linker to ACE2 (red). The 
construct is covalently attached to the glass surface via an ELP linker (Methods) 
and to a streptavidin-covered magnetic bead via biotin at the C terminus of 
the protein construct. e, Representative extension time trace of the tethered 
ligand construct in MT shows the binding and dissociation of the SARS-CoV-2 
RBD–ACE2 interaction at plateaus of constant force. With increasing force, the 
interface is predominantly dissociated. f, Segment of the trace in e at 3.5 pN, 
where it is equally distributed between the bound and dissociated (‘diss’) state. 
The fraction dissociated at this force is, thus, 0.5. Lifetimes in the dissociated 
state (τdiss) and in the bound state (τbound) are indicated. g, Fraction dissociated as a 
function of the applied force (circles) and fit of a two-state model (solid line), with 
F1/2 and Δz (inset) as the fitting parameters. h, Mean lifetimes in the bound and 
dissociated states for the molecule shown in e–g as a function of force (circles) 
and fit with an exponential model (solid lines).
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constructs to a glass surface and a magnetic bead using a previously 
established protocol based on specific peptide linkers18–20,25. Using 
MT, we probe the stability of the RBD–ACE2 interaction at varying lev-
els of constant forces (Supplementary Fig. 2). At high forces (larger 
than 25 pN), ACE2 unfolds with a characteristic unfolding signature, 
which we use for each molecular construct probed in the MT to iden-
tify specific tethers (Supplementary Figs. 3 and 4). At forces below 
10 pN, where both protein domains are folded, the linker ensures that 
the receptor and ligand remain in proximity on dissociation, allowing 
them to re-bind18,26–30. We can, thus, study repeated (re-)binding and 
dissociation of the same SARS-CoV-2 RBD and ACE2 interaction under 
different forces (Fig. 1e). At low forces (<2 pN), we find the bond to be 
predominantly formed, whereas increasing the force leads to elongated 
periods where the binding partners are dissociated. Quantifying the 
force dependence of the RBD–ACE2 interaction gives access to both 
equilibrium force stability and dynamics of interactions.

To characterize the force stability, and to particularly compare it 
across the different VOCs, we use F1/2, the midpoint force, at which it is 
equally probable to find the tethered ligand system in the bound or dis-
sociated conformation (Fig. 1f). We determine F1/2 by fitting a two-state 
model to the fraction dissociated (fdiss) as a function of force (Fig. 1g):

fdiss (F ) =
1

(1 + exp(−Δ z (F − F 1
2
) /kBT ))

(1)

where kB is Boltzmann’s constant and T is the absolute temperature. 
F1/2 and Δz are fitting parameters that represent the midpoint force 
and the distance between the two states along the pulling direction, 
respectively. The dissociated fraction is calculated for each plateau of 
constant force by dividing the time spent in the dissociated conforma-
tion by the total plateau time. Comparing F1/2 for the wt and different 
VOCs, using otherwise identical constructs (Fig. 2a,b and Supplemen-
tary Figs. 5 and 6), we find that the force stability for the Alpha VOC is 
highly significantly larger than wt (p = 5.2 × 10–4, two-tailed t-test). In 
contrast, we observe no statistically significant difference between 
SARS-CoV-2 wt and Beta (p > 0.80), wt and Gamma (p > 0.26) or wt and 
Delta (p > 0.99). In addition to the naturally emerged VOCs, we tested 
individual amino acid substitutions and found that E484K slightly low-
ers F1/2, although not statistically significantly, whereas K417N lowers 
the force stability highly significantly (p = 4.5 × 10–5).

Dynamics of the RBD–ACE2 interactions
To characterize the dynamics of the interactions, we determine the 
lifetimes of the dissociated and bound states as a function of force. 
The lifetime distributions are well described by single exponentials 
(Supplementary Fig. 8). The resulting mean lifetimes, namely, τdiss 

and τbound (Fig. 1h, circles), exhibit an exponential force dependence  
(Fig. 1h, lines). The intersection of the fitted lifetimes in the dissoci-
ated and bound states provides an alternative route to determine the 
midpoint force F1/2 and we find excellent agreement in both absolute 
values and differences across VOCs with the F1/2 values determined 
using the two-state model (equation (1) and Supplementary Table 1).

Further, extrapolation of the fits to zero force, assuming a 
slip-bond behaviour with an exponential dependence of lifetime on 
force, yields lifetimes of the bond in the absence of force (Fig. 2c and 
Supplementary Table 1). The lifetimes of the dissociated state rapidly 
increase with increasing force for all constructs, which is expected as 
the peptide linker extends under force, which, in turn, impedes bond 
re-formation18,26,31,32. Conversely, the lifetimes of the bound state τbound 
decrease with force for all VOCs. However, the force dependence of 
τbound differs for the different VOCs (Supplementary Fig. 7). For Alpha, 
we find a higher τbound than for wt over the whole measured force range 
(Fig. 2c), again indicating a higher force stability of Alpha in this force 
range, in line with the observation of a higher F1/2 for Alpha. The other 
VOCs exhibit overall similar lifetimes in the bound state compared with 
wt under force, in line with their similar F1/2 values.

Bond lifetimes at zero force predict affinities
The force dependence of the bond lifetime (that is, the slope shown in 
Fig. 2c) considerably varies across the VOCs, leading to very different 
extrapolated lifetimes τ0,bound and τ0,diss in the absence of a load. The 
lifetimes at zero force can be related to affinities: the ratio τ0,diss/τ0,bound 
(or equivalently the ratio of the rates k0,off/k0,on, which are the inverses 
of the lifetimes) define unimolecular equilibrium constants for the 
tethered ligand system KD

TL = τ0,diss/τ0,bound (Supplementary Fig. 9). The 
KD

TL values are dimensionless, since both on and off rates for the teth-
ered ligand systems are in units of s–1. To compare KD

TL to bulk binding 
measurements, we need to take into account that in standard solu-
tion assays, without a linker, the bimolecular equilibrium constant 
KD,sol = koff,sol/kon,sol has units of molar (M), since although the off rate 
koff,sol is directly comparable with k0,off, the on rate kon,sol depends on the 
ligand concentration, with the units of M–1 s–1.

Therefore, we normalize both unimolecular equilibrium con-
stant KD

TL and bimolecular dissociation constants KD,sol obtained using 
standard binding assays1–9,33–37 to the wt and compare across the VOCs 
(Fig. 2d). We find good agreement between the affinities determined 
in our single-molecule assay by extrapolation to zero force and the 
values obtained from standard affinity measurements (Fig. 2d). The 
good agreement between bulk affinity measurements in the absence 
of force and values from our assay suggest that our constant-force 
MT measurements are close enough to equilibrium to probe the same 
(or at least a sufficiently similar) binding pathway as the free solution 
measurements. The exponential decrease in the lifetime of the bound 

Table 1 | VOCs compared with SARS-CoV-2 wt

WHO 
name

PANGO 
lineage

Country of first 
observation

AA 
changes in 
RBD

F1/2 (pN) (F1/2/F1/2(wt)) > 1: 
higher force stability 
than wt

τ0,diss (s) (t0,diss/t0,diss(wt)) < 1: 
faster binding than wt 
at F = 0

τ0,bound (s) 
(t0,bound/t0,bound(wt)) > 1: slower 
dissociation than wt at F = 0

KD (KD/KD(wt)) < 1: 
higher affinity than 
wt

wt A − − 3.8 ± 0.4 (1) 0.06 ± 0.17 (1) 121 ± 284 (1) 532 × 10−6 (1)

Alpha B1.1.7 UK N501Y 4.5 ± 0.3 (1.17) 0.01 ± 0.02 (0.22) 464 ± 740 (3.82) 30 × 10−6 (0.06)

Beta B1.1.351 South Africa N501Y
E484K
K417N

3.8 ± 0.3 (1.01) 0.02 ± 0.06 (0.37) 218 ± 315 (1.79) 110 × 10−6 (0.21)

Gamma P1 Brazil N501Y
E484K
K417T

4.0 ± 0.6 (1.06) 0.02 ± 0.04 (0.27) 552 ± 1,178 (4.55) 31 × 10−6 (0.06)

Delta B1.617.2 India L452R
T478K

3.8 ± 0.3 (1.00) 0.01 ± 0.02 (0.18) 427 ± 707 (3.52) 27 × 10−6 (0.05)

Number of molecules: 13 molecules (wt), 11 molecules (Alpha), 10 molecules (Beta), 14 molecules (Gamma), 20 molecules (Delta).
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state with increasing force (Fig. 2c) and the good agreement between 
the force spectroscopy data extrapolated to zero force and the bulk 
binding measurements also imply that the RBD–ACE2 interaction is not 
a catch bond, but a ‘regular’ slip bond, which weakens under increasing 
force. However, the data also reveal a clear difference between affinities 
at zero force and stability under a mechanical load: although all VOCs 
exhibit increased affinity compared with wt, only Alpha shows a higher 
force stability. A clear difference between force stability and thermo-
dynamic affinity has been seen for a range of molecular bonds38,39 and 
our findings suggest that force stability must be taken into account as 
an independent factor when assessing VOCs.

Molecular basis of different force stabilities across VOCs
To provide a microscopic understanding of the observed differences in 
force stability, we performed all-atom MD simulations of the different 
RBD–ACE2 complexes. The structures of the VOCs were obtained by 

comparative modelling using MODELLER40, taking the SARS-CoV-2 wt 
structure as the template18. For each system, five replicas were simu-
lated for a total of 1.0 µs using NAMD 3.0 (ref. 41). Trajectories were 
analysed with VMD30 and dynamical network analysis42, which meas-
ure the correlation between the motions of neighbouring residues to 
determine how cooperative their motion is. The higher the correlation 
between residues, the more relevant is their interaction for the stabil-
ity of the protein complex43. We determined contacts by tracking the 
distance between neighbouring residues throughout the simulations 
and then selected the contacts with the highest correlation for further 
analysis (Supplementary Fig. 10). Using these selection criteria, we iden-
tify the main contacts that are responsible for stabilizing the RBD–ACE2 
complex (Fig. 3a,b,c) and would, thus, be expected to have the greatest 
impact on force stability. All residues selected by the contact criterion 
in the network analysis are found within the receptor-binding-motif 
(residues N437 to Y508) region, at the RBD–ACE2 interface, defined 

Fr
ac

tio
n 

di
ss

0

Force (pN)
42 63 5

0.2

0.4

0.6

0.8

τbound

τ0, bound

τ0, diss

a

10–2

10–1

100

101

102

103

104

101

100

10–1

Li
fe

tim
es

 (s
)

K D
 ( 

m
ut

an
t)/

K D
(w

t)

Force (pN)

Lower a�inity than wt

Higher a�inity than wt

3 4 5210

K417N
E484K

3

4

5

b

c d

wt
Alpha

Beta
Gamma

Delta

**
**

wt
Alpha

Beta
Gamma

Delta

wt
F1/2 = 3.6 pN
∆z = 9.8 nm

Alpha
F1/2 = 4.1 pN

F 1
/2

 (p
N

)

∆z = 9.7 nm  

wt, bound
wt, diss.
Alpha, bound
Alpha, diss.

S1 wt

1.0

τbound

Fig. 2 | Effects of VOCs on interface force stability and affinity.  
a, Representative force-dependent fraction dissociated for one single wt 
(red), and one Alpha (orange) tethered ligand construct. The points represent 
experimental data and the solid lines are two-state fits. Supplementary Fig. 
5 presents additional data. b, Midpoint forces determined for wt, VOCs and 
K417N, and E484K single amino acid substitutions. F1/2 of Alpha and K417N 
deviate highly significantly from wt (p = 0.00052 and p = 0.000045, respectively) 
using a two-sided t-test without adjustments for multiple comparisons. Beta, 
Gamma, Delta and E484K show no statistically significant difference to the 
wt. A bootstrap analysis revealed similar significance levels for the different 
variants (Supplementary Fig. 6). Individual points are derived from independent 
molecules. Centre line, bottom and top of the boxes indicate the median and 

the 25th and 75th percentile, respectively. Supplementary Table 1 provides 
the numerical data. c, Force-dependent lifetimes (circles) and fits to the data 
in the bound (solid lines) and dissociated (dashed) states of wt and Alpha. 
Individual points are the means of lifetimes observed for a single molecule at a 
given force. The insets show the example lifetimes in MT traces. Supplementary 
Fig. 7 shows additional comparisons for the other VOCs. d, Mean dissociation 
constant normalized to the wt (KD/KD(wt); Supplementary Fig. 9 shows the 
un-normalized KD values) determined from our measurements (coloured dots) 
and compared with previous traditional bulk affinity measurements (SPR or 
BLI)3–9 (Supplementary Table 2). Statistics in b and c reflect 13 molecules (wt), 11 
molecules (Alpha), 10 molecules (Beta), 14 molecules (Gamma), 20 molecules 
(Delta), 6 molecules (E484K) and 6 molecules (K417N).

http://www.nature.com/naturenanotechnology


Nature Nanotechnology | Volume 19 | March 2024 | 399–405 403

Article https://doi.org/10.1038/s41565-023-01536-7

as the 4 Å cut-off based on the PDB ID 6m0j crystal structure44 (Sup-
plementary Fig. 11 shows the individual correlations). The total sum 
of correlations for RBD residues (Fig. 3d and Supplementary Fig. 10) 
mostly highlights hydrophobic residues as well as residues that are 
not mutated in the VOCs, revealing that stabilizing the bond between 
RBD–ACE2 involves an interplay of different interactions. Mutations 
in the VOCs lead to a rebalancing of interactions with ACE2, losing 
correlation in some regions whereas gaining in others (Fig. 3d and 
Supplementary Fig. 10).

Examining the specific mutations involved in the VOCs, we can 
rationalize the observed differences in force stability. Alpha carries only 
one substitution in the RBD, namely, N501Y, which is also present in Beta 
and Gamma. The N501Y substitution creates an additional hydrogen 
bond and leads to increased π-stacking with residue Y41 of ACE2 (ref. 45),  
which increases the pairwise correlation (Supplementary Figs. 11  

and 12) and enhances the correlations in the vicinity of position N501, 
particularly at residues T500 and G502 (Fig. 3d).

The Beta and Gamma VOCs feature, in addition to N501Y, amino 
acid substitutions at position K417N/T and E484K. In the wt, the resi-
dues K417 and E484 form salt bridges with residues D30 and K31 of 
ACE2, respectively1,3. Due to a charge reversal in the case of E484K and 
a charge removal in the case of K417N (Beta) and K417T (Gamma), these 
salt bridges are disrupted. The disruption of the salt bridge at position 
417 leads to a dramatic loss in correlation (Fig. 3d), fully in line with a 
dramatically decreased force stability for K417N (Fig. 2b). The charge 
reversal by mutation E484K leads to the loss of the salt bridge with K31, 
which is, however, compensated by an alternative salt bridge with E35 
(ref. 3). As a result, the correlations around position E484 are virtually 
unaffected by the mutation (for example, residues F486, N487 and 
Y489; Fig. 3d), consistent with only a slight and statistically insignificant 
decrease in F1/2 for the E484K mutation (Fig. 2b). In summary, for the 
Beta and Gamma VOCs, the increased force stability by N501Y is offset 
by the reduction in stability, particularly by K417N/T, such that the total 
effect is a similar force stability as wt.

The mutations in the Delta VOC, L452R and T478K, are located 
further away from the RBD–ACE2 interface, and there are no direct 
interactions involving these residues. Nonetheless, the Delta muta-
tions do shift the correlation pattern, with correlations in the ‘Patch 
2’ region (Fig. 3c) around position N501 decreasing and increasing in 
‘Patch 1’ around P479.

To summarize the contact network and the correlations of motion 
in a single metric to provide an overall measure of mechanical stability 
and to directly compare with the experimental force stability measure-
ments, we define the total correlation as the sum of all correlations 
between stable contacts identified through the network analysis. We 
simulate the wt, the experimentally examined VOCs and the more 
recently emerged Omicron VOC, and compute the total correlation 
scores using a bootstrapping approach to determine the confidence 
intervals (CIs) (Fig. 3e and Supplementary Fig. 13). We find excellent 
agreement between the total correlation metric and the experimen-
tally determined values for the force stability assessed by F1/2: wt, Beta, 
Gamma and Delta exhibit the same force stabilities, whereas Alpha has 
a statistically larger F1/2 and total correlation. Interestingly, the recent 
Omicron variant, which features a very large number of mutations (15 
in the RBD alone46), has a total correlation value between Alpha and 
the wt, and did not show statistically significant differences when 
compared with Alpha and wt.

Discussion
We have used our tethered ligand assay and exploited the high sensitiv-
ity of MT and their ability to measure at constant forces to precisely 
determine both force stability and affinity of different SARS-CoV-2 
VOCs binding to ACE2. Unlike traditional bulk affinity measure-
ments, our assay provides additional insights into bond stability and 
kinetics under a mechanical load, mimicking the natural binding 
circumstances in the dynamic environment of the respiratory tract. 
We find that although the Alpha, Beta, Gamma and Delta VOCs have 
increased affinities to ACE2 compared with wt, only Alpha has a higher 
force stability. This is in contrast to atomic force microscopy (AFM) 
measurements, which have reported the same rupture forces, within 
experimental error, for different VOCs13, or slightly higher forces for 
either Delta16 or for both Alpha and Beta compared with wt11, without 
reporting the statistical significance. The differences between the AFM 
results and our MT findings might be due to the much higher load-
ing rate of the AFM measurements, probing a different dissociation 
pathway or due to the lower force resolution of AFM measurements 
in the low-force regime23,47. We note that extrapolated lifetimes in the 
bound configuration from the AFM measurements are lower for wt 
than for Alpha, Beta, Gamma, Delta and Omicron11,13,17, consistent with  
our findings.
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a, Network interactions between spike RBD (blue) in complex with ACE2 (red) of 
an exemplary MD trajectory represented as colour-coded cylinders according 
to their correlation, where thicker cylinders in yellow and green represent 
highly correlated residues. Less-correlated residues are depicted in light and 
dark purple and thin lines. b, Zoomed-in views of the structure shown in a, 
focusing on the RBD–ACE2 interface. c, Detailed RBD–ACE2 interfacial surface, 
highlighting the RBD in grey and ACE2 helices in red. The residues coloured in 
violet are highly correlated, whereas the residues coloured in yellow are less 
correlated. d, Total correlations for selected residues for the different VOCs. 
The values are normalized to the VOC with the strongest correlation. e, Total 
correlation of motion summarized from the dynamic network interactions of all 
of the main correlations across the RBD–ACE2 interface, for each VOC. A total of 
75 windows per VOC (n = 75) were used to calculate their total correlation. The 
total correlation measurements for all variants were normalized by the mean 
total correlation in the wt. The bars represent the 90% CIs for the mean. The Alpha 
VOC shows a significantly higher correlation than wt (p = 0.04). All other VOCs 
are not significantly different from wt. Significance was assessed using the non-
parametric bootstrapping technique for hypothesis testing. Supplementary  
Fig. 13 shows additional significance tests via bootstrapping.
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Viral fitness depends on multiple factors, including cleavage 
and cell entry, replication, and viral packing and release48–53. Cor-
respondingly, the VOCs carry mutations in positions beyond the 
RBD. However, attachment to the host cell is a critical first step in 
viral infection and it is instructive to relate trends observed epide-
miologically with our findings about the RBD–ACE2 interaction. The 
Alpha, Beta and Gamma VOCs emerged in the second half of 2020 and 
began to widely circulate in late 2020 and early 2021 (Supplemen-
tary Fig. 1). In Europe and Northern America, Alpha, but not Beta or 
Gamma, quickly replaced the wt and became the dominant circulating 
variant (Supplementary Fig. 1). At that time, there was no widespread 
population immunity in Northern America or Europe (Supplementary  
Fig. 1), suggesting that Alpha, but not Beta or Gamma, has a significant 
advantage in a (largely) immune-naïve population54. We speculate that 
the higher force stability of Alpha contributes to its epidemiologically 
observed higher transmissibility compared with wt, Beta or Gamma. 
The Beta and Gamma variants became dominant in South Africa and 
Brazil (Supplementary Fig. 1), in a setting where there was already 
significant population immunity through natural infections55,56. 
The charge-change mutations at positions K417 and E484 present 
in Beta and Gamma reduce the binding of certain neutralizing anti-
bodies57–59, but lower the force stability. Consequently, the Beta and 
Gamma appear to confer an advantage to the virus in populations 
with significant immunity, but not in an immune-naïve population. 
The Delta and Omicron VOCs became dominant globally in mid-2021 
and early 2022, respectively, at a time where there was significant 
population immunity through vaccinations as well as natural infec-
tions (Supplementary Fig. 1). Both variants show immune escape37,60–62 
and probably enhanced transmission through substitution at the 
S1/S2 cleavage site, yet no or only slightly increased force stability 
(Fig. 2b,d)63–65. These observations raise the possibility that a new 
variant might emerge that combines the fitness advantages present 
in Omicron with a higher force stability, which could make it even 
more transmissible. Our correlation-based analysis of the RBD–ACE2 
interface by MD simulations and high-resolution force spectroscopy 
measurements of the interface in the tethered ligand assay has the 
potential to help understand and ultimately predict the spread of  
SARS-CoV-2 variants.
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Methods
All chemicals used were supplied by Carl Roth or Sigma-Aldrich, unless 
otherwise noted.

Cloning and protein construct design
Tethered ligand fusion proteins were created, expressed and purified as 
previously described18. Constructs for ACE2-linker-RBD of SARS-CoV-1 
were designed in SnapGene version 4.2.11 (GSL Biotech) based on a 
combination of the ACE2 sequence66 available from GenBank under 
accession number AB046569 and the SARS-CoV-1 sequence67 available 
from GenBank under accession number AY274119. The crystal struc-
ture68 available from the Protein Data Bank (PDB ID: 2ajf) was used as a 
reference. The linker sequence and tag placement were adapted from 
another work69. The linker sequence is a combination of two sequences 
available at the iGEM parts database (accession numbers BBa_K404300 
and BBa_K243029). The fusion protein with the sequence of the RBD 
of SARS-CoV-2 was designed from the sequence published elsewhere70 
and available from GenBank under accession number MN908947, with 
a 6x histidine (His) tag added for purification. In addition, tags for 
specific pulling in MT and the AFM were introduced: a triple glycine 
for sortase-mediated attachment on the N terminus and a ybbR-tag, 
AviTag, and Fgɣ tag on the C terminus. In summary, the basic construct 
is built up as follows: MGGG-ACE2-linker-RBD-6xHIS-ybbR-AviTag-Fgɣ. 
All protein sequences are provided in the Supplementary Information.

The constructs were cloned using Gibson assembly from linear 
DNA fragments (GeneArt, Thermo Fisher Scientific) containing the 
codon-optimized sequence of choice for expression in Escherichia coli 
into a Thermo Scientific pT7CFE1-NHis-GST-CHA vector (product no. 
88871). The mutations found in the VOCs causing amino acid substitu-
tions in the RBD were introduced by blunt-end cloning and ligation. 
The replication of DNA plasmids was obtained by transforming in 
DH5-Alpha cells and running overnight cultures with 7 ml lysogeny 
broth with 50 µg ml–1 carbenicillin. Plasmids were harvested using a 
QIAprep Spin Miniprep Kit (QIAGEN, no. 27106).

In vitro protein expression
Expression was conducted according to the manual of 1-Step Human 
High-Yield Mini in vitro translation kit (no. 88891X) distributed by 
Thermo Fisher Scientific (Pierce Biotechnology). All of the compo-
nents, except the 5× dialysis buffer, were thawed on ice until completely 
thawed. The 5× dialysis buffer was thawed for 15 min and 280 µl were 
diluted into 1,120 µl nuclease-free water to obtain a 1× dialysis buffer. 
The provided dialysis device was placed into the dialysis buffer and 
kept at room temperature until it was filled with the expression mix.

For preparing the in vitro translation expression mix, 50 µl of the 
HeLa lysate was mixed with 10 µl of accessory proteins. After each pipet-
ting step, the solution was gently mixed by stirring with the pipette. 
Then, the HeLa lysate and accessory proteins mix was incubated for 
10 min. Afterwards, 20 µl of the reaction mix was added. Then, 8 µl 
of the specifically cloned DNA (0.5 µg µl–1) was added. The reaction 
mix was then topped off with 12 µl of nuclease-free water to obtain a 
total of 100 µl. This mix was briefly centrifuged at 10,000×g for 2 min. 
A small white pellet appeared. The supernatant was filled into the 
dialysis device placed in the 1× dialysis buffer. The entire reaction was 
then incubated for 16 h at 30 °C under constant shaking at 700 r.p.m. 
For incubation and shaking, a ThermoMixer comfort 5355 (Eppendorf, 
no. 5355) with a 2 ml insert was used. After 16 h, the expression mix 
was removed and stored in a protein low-binding reaction tube on ice 
until further use.

Protein purification
Purification was conducted using HIS Mag Sepharose Excel beads 
(Cytiva, no. 17371222) together with a MagRack 6 (Cytiva, no. 28948964) 
following the vendor’s protocol. The bead slurry was thoroughly mixed 
by vortexing. Then, 200 µl of homogeneous beads were dispersed 

in a 1.5 ml protein low-binding reaction tube. Afterwards, the reac-
tion tube was placed in the magnetic rack and the stock buffer was 
removed. Next, the beads were washed with 500 µl of HIS wash buffer 
(25 mM Tris-HCl, 300 mM NaCl, 20 mM imidazole, 10.00 vol.% glyc-
erol, 0.25 vol.% Tween 20, pH 7.8). The expressed protein from in vitro 
transcription/translation was filled to 1,000 µl with Tris-buffered saline 
(25 mM Tris, 72 mM NaCl, 1 mM CaCl2, pH 7.2) and mixed with freshly 
washed beads. The mix was incubated in a shaker for 1 h at room tem-
perature. Subsequently, the reaction tube was placed in the magnetic 
rack and the liquid was removed. The beads were washed three times 
with the wash buffer, keeping the total incubation time to less than 
1 min. The remaining wash buffer was removed and 100 µl elution 
buffer (25 mM Tris-HCl, 300 mM NaCl, 300 mM imidazole, 10.00 vol.% 
glycerol, 0.25 vol.% Tween 20, pH 7.8) were added to wash the protein 
off the beads. The bead elution buffer mix was then incubated for one 
minute with occasional gentle vortexing. Afterwards, the reaction tube 
was placed in the magnetic rack again to remove the eluted protein. This 
step was repeated for the second and third elution steps. The buffer of 
the eluted protein was exchanged to Tris-buffered saline in 0.5 ml 40k 
Zeba spin columns distributed by Thermo Fisher Scientific (Pierce Bio-
technology, no. 87767) or 0.5 ml 50k Amicon Centrifugal Filters (Merck 
KGaA, no. UFC5050BK). Concentrations were photospectrometrically 
determined with NanoDrop and aliquots were frozen in liquid nitrogen.

MT instrument
Measurements were performed on a custom-built MT setup that has 
been described previously20,71. In the MT, the molecules are tethered 
between a flow-cell (FC) (see the ‘FC preparation and MT measure-
ments’ section) surface and superparamagnetic beads (Dynabeads 
M-270 Streptavidin, Invitrogen, Life Technologies). Mounted above 
the FC is a pair of permanent magnets (5 × 5 × 5 mm3 each; W-05-N50-G, 
Supermagnete) in the vertical configuration (34) with a 1 mm gap 
between the magnets. The distance between the magnets and FC is 
controlled by a d.c. motor (M-126.PD2, Physik Instrumente) and the 
FC is illuminated by a light-emitting diode (69647, Lumitronix LED 
Technik). Using a ×40 oil-immersion objective (UPLFLN 40×, Olym-
pus) and a complementary metal–oxide–semiconductor sensor cam-
era (5,120 × 5,120 pixels, CP80-25-M-72, Optronis), a field of view of 
approximately 680 × 680 μm2 is imaged at a frame rate of 72 Hz. To 
control the focus and to create the look-up table required for tracking 
the bead positions in z, the objective is mounted on a piezo-stage (Pifoc 
P-726.1CD, Physik Instrumente). The images are read out with a frame 
grabber (microEnable 5 ironman VQ8-CXP6D, Silicon Software) and 
analysed with an open-source tracking software72,73.

The tracking accuracy of our setup is ~1 nm in (x, y, z), as deter-
mined by tracking non-magnetic polystyrene beads, which were immo-
bilized by baking them onto the FC surface. Force calibration was 
performed by measuring the transverse fluctuations of 21 kbp DNA 
tethers (described in another work74) for distances between the magnet 
and surface ranging from 0 to 10 mm (ref. 22) (Supplementary Fig. 2). 
The increase in transverse fluctuations with decreasing force for a DNA 
tether of known length is used to calculate the force calibration that 
relates the magnet height above the FC to the magnetic force on the 
bead21,75. Importantly, for the small extension changes on the length 
scales of our protein tethers, the force stays constant to a very good 
approximation during the extension of the tether and unfolding of the 
protein construct (to better than 10−4 relative change20). The largest 
source of force uncertainty is due to bead-to-bead variation, which is 
≤10% for the beads used in this study24,76.

FC preparation and MT measurements
FCs were prepared as described previously20. For the bot-
to m  s l i d e s ,  h i g h - p re c i s i o n  m i c rosco p e  cove r  g l a sse s 
(24.00 mm × 60.00 mm × 0.17 mm, Carl Roth) were amino-silanized 
for further functionalization (equal to the AFM surface preparation). 
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They were coated with sulfosuccinimidyl 4-(N-maleimido-methyl)
cyclohexane-1-carboxylate (sulfo-SMCC) (ref. 77) (Thermo Fisher 
Scientific, Pierce Biotechnology, no. 22322). For this purpose, 180 µl 
sulfo-SMCC (10 mM in 50 mM HEPES buffer, pH 7.4) was applied to 
one amino-silanized slide that was sandwiched with another slide and 
incubated for 45 min. Unbound sulfo-SMCC was removed by rinsing 
with Milli-Q water. Next, elastin-like polypeptide (ELP) linkers25 with 
a sortase motif at their C terminus were coupled to the maleimide of 
the sulfo-SMCC via a single cysteine at their N terminus, by sandwich-
ing two slides with 100 µl ELP linkers (in 50 mM disodium phosphate 
buffer with 50 mM NaCl and 10 mM EDTA, pH 7.2) and incubating them 
for 60 min. Subsequently, after further Milli-Q rinsing to remove the 
unbound ELP linkers, free sulfo-SMCC was neutralized with free 
cysteine (10 mM in 50 mM disodium phosphate buffer with 50 mM 
NaCl and 10 mM EDTA, pH 7.3). Thereafter, 1-µm-diameter polystyrene 
beads dissolved in ethanol were applied to the glass slides. After the 
ethanol evaporated, beads were baked onto the glass surface for 5 min 
at ~80 °C to serve as the reference beads during the measurement. 
FCs were assembled from an ELP-functionalized bottom slide and an 
unfunctionalized high-precision microscope cover glass slide with two 
holes (inlet and outlet) on either side serving as the top slide. Both slides 
were separated by a single layer of parafilm (Pechiney Plastic Packag-
ing), which was cut out to form a 50 µl channel. FCs were incubated 
with 1% (v/v) casein solution (no. C4765-10ML, Sigma-Aldrich) for 2 h 
and flushed with 1 ml buffer (25 mM Tris, 72 mM NaCl, 1 mM CaCl2, pH 
7.2, at room temperature).

CoA-biotin (no. S9351 (discontinued), New England Biolabs) was 
coupled to ybbR-tag at the C terminus of the fusion protein constructs 
in a 90–120 min bulk reaction in the presence of 4 μM sfp phospho-
pantetheinyl transferase78 and 100 mM MgCl2 at room temperature 
(~22 °C). Proteins were diluted to a final concentration of about 50 nM 
in 25 mM Tris, 72 mM NaCl, 1 mM CaCl2, pH 7.2, at room temperature. 
To couple the N terminus of the fusion proteins carrying three glycines 
to the C-terminal LPETGG motif of the ELP linkers, 100 µl of the protein 
mix was flushed into the FC and incubated for 24 min in the presence of 
1.3 µM evolved pentamutant sortase A from Staphylococcus aureus79,80. 
Unbound proteins were flushed out with 1 ml measurement buffer 
(25 mM Tris, 72 mM NaCl, 1 mM CaCl2, 0.1% (v/v) Tween 20, pH 7.2). 
Finally, commercially available streptavidin-coated paramagnetic 
beads (Dynabeads M-270 Streptavidin, Invitrogen, Life Technologies) 
were added into the FC and incubated for 30 s before flushing out 
the unbound beads with 1 ml measurement buffer. Receptor–ligand 
binding and unbinding under force was systematically investigated by 
subjecting the protein tethers to 2–30-min-long plateaus of constant 
force, which was gradually increased in steps of 0.2 or 0.3 pN. All meas-
urements were conducted at room temperature.

Data analysis of MT traces
MT traces were selected on the basis of the characteristic ACE2 two-step 
unfolding pattern above 25 pN, conducted at the end of each experi-
ment. For each trace, (x, y) fluctuations were also checked to avoid the 
inclusion of tethers that exhibit interbead or bead–surface interac-
tions, which would also cause changes in x or y. Non-magnetic reference 
beads were simultaneously tracked with magnetic beads and reference 
traces were subtracted for all measurements to correct for drift. Exten-
sion time traces were smoothed to one second with a moving-average 
filter to reduce noise. All analyses were performed with custom scripts 
in MATLAB.

MD simulations
To provide a complementary microscopic view of the RBD–ACE2 com-
plex, we carried out MD simulations employing NAMD 3.0 (ref. 41). The 
simulations were prepared using VMD81 and its QwikMD82 interface. The 
structure of the complexes was prepared by following established pro-
tocols83. As the starting point, we used the crystallographic structure 

of the wt SARS-CoV-2 RBD–ACE2 complex from the protein data bank 
(PDB ID: 6m0j)44. The structure for the VOCs Alpha, Beta, Gamma, Delta 
and Omicron were obtained using MODELLER40, with standard param-
eters and implementing the corresponding mutations described in the 
Supplementary Information. Omicron VOC model was constructed 
according to the following mutations found on RBD: G339D, S371L, 
S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, 
G496S, Q498R, N501Y, Y505H.

Employing advanced run options of QwikMD, structural models 
were solvated and the net charge of the proteins was neutralized using 
a 75 mM salt concentration of sodium chloride, which were randomly 
arranged in the solvent. All simulations were performed employing 
the NAMD MD package41 and run on NVIDIA DGX-A100-based cluster 
nodes at Auburn University. The CHARMM force field84,85 along with 
the TIP3 water model86 was used for all systems. The simulations were 
performed with periodic boundary conditions in the NPT ensem-
ble, with the temperature maintained at 300 K and pressure at 1 bar 
using Langevin dynamics. A distance cut-off of 12.0 Å was applied 
to short-range, non-bonded interactions, whereas long-range elec-
trostatic interactions were treated using the particle mesh Ewald87 
method. The equations of motion were integrated using the reversible 
reference system propagator algorithm multiple time-step scheme88 to 
update the van der Waals interactions every two steps and electrostatic 
interactions every four steps. The time step of integration was chosen 
to be 4 fs for all of the production simulations performed, and 2 fs for 
all of the equilibration runs. For the 4 fs simulations, hydrogen-mass 
repartitioning was done using psfgen in VMD. Before the MD simula-
tions, all systems were submitted to an energy minimization protocol 
for 5,000 steps.

MD simulations with position restraints in the protein backbone 
atoms were performed for 1.0 ns and served to pre-equilibrate the 
systems before the 10.0 ns equilibrium MD runs, which served to evalu-
ate the structural model stability. During the 1.0 ns pre-equilibration, 
the initial temperature was set to zero and was constantly increased 
by 1 K every 1,000 MD steps until the desired temperature (300 K) 
was reached. Production runs with no restraints on the system were 
performed for 200 ns, in five replicas, for each system, totalling 1 µs 
per system.

Analysis of MD simulations
Analyses of MD trajectories were carried out using Dynamical Network 
Analysis42, using custom Python (Version 3.8) code and VMD81 and its 
plug-ins. In the Dynamical Network Analysis42, a network is defined 
as a set of nodes, and each node represents an amino acid residue. 
Each node’s position is given by the residue’s α-carbon. Edges connect 
pairs of nodes if their corresponding residues are in contact and two 
non-consecutive residues are said to be in contact if they are within 
4.5 Å of each other for at least 75% of the analysed frames42. To ensure a 
broad sampling of our systems, each of the five 200 ns MD trajectories 
for each system were split in 5 ns windows, and only the last 15 windows, 
or 75 ns, were used for the analysis. Moreover, for the analysis of total 
correlation in RBD–ACE2 interfaces, we filtered out all contacts that 
presented an average correlation of motion smaller than 0.2 to reduce 
noise and remove weak transient interactions from the analysis.

Bootstrapping for CIs and significance testing
The CIs for the mean total correlation reported in Fig. 3e were deter-
mined using bootstrapping and the bias-corrected accelerated 
method89, as implemented in SciPy90. The same method was used to 
determine the CIs presented in Supplementary Figs. 6 and 13, all of 
which were at a 90% confidence level.

To test if the total correlation distributions from distinct VOCs had 
significantly different means (Supplementary Fig. 13a), we used the 
non-parametric bootstrapping technique for hypothesis testing, with 
10,000 samplings, as proposed in another work89. The same technique 
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was used on the experimental data for F1/2 (Supplementary Fig. 6) and 
we obtained similar results as the parametric t-test.

Two-dimensional network of protein interface
The two-dimensional representation (Supplementary Fig. 10) was cre-
ated by first mapping the three-dimensional positions of residues of the 
RBD near the RBD–ACE2 interface in the wt system to a two-dimensional 
space. This was done using a principal component analysis transforma-
tion as implemented in scikit-learn91. The plots were created using the 
interface between NetworkX92 and matplotlib93 in Python. The mean 
correlations were calculated as described above, and the CIs (Supple-
mentary Fig. 10a) were calculated using the bias-corrected accelerated 
method for bootstrapping.

Data availability
Source data are provided with this paper. Additional data can be 
obtained from the corresponding author upon request.

Code availability
Code can be obtained from the corresponding author upon request.
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