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Figure S1. RMSD analysis of RBD variants. The figure depicts the RMSD values for each variant, with the red
line representing the average RMSD. These values indicate that minimal conformational changes occurred

during the pulling event.



06 WT 0.6/Alpha
0.5 0.5
€0.4 0.4
£
)
n
=
o
. 0.0
00 02 04 06 08 1.0 1.2 00 02 04 06 08 1.0 1.2
Time (us) Time (us)
0.6 Delta 0.c.XBB.1.5
0.5 0.5
€0.4 0.4
£
)
n
=
o

00 02 04 06 08 10 1.2 ‘00 02 04 06 08 10 1.2
Time (ps) Time (us)
Figure S2. RMSD analysis for the H11-H4 nanobody for each complex. The red line indicates the average
RMSD. Minimal conformational changes observed during the pulling event suggest that the nanobody is stable

under mechanical stress.
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Figure S3. Distribution of forces required for the mechanical dissociation of the RBD-H11-H4 complexes.
The external forces (pN) applied to various RBD variants are shown as a box plot. The median force is
represented by the horizontal line within each box, while the average force is represented by a red circle.
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Figure S4. Network representation of native contacts within the RBD-H11-H4 interface at Fmax. The lines
represent the pairs of contacts. The color of the lines represents the type of interaction: red for ionic, blue for
polar, green for nonpolar, and black for non-specific interactions. The amino acid residues are colored based on
their chemical properties. Stars in magenta indicate mutations.
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Figure S5. Dissociation profiles of non-native contacts (NON) in the RBD-H11-H4 complex. The contact

pairs are located on the X-axis, whereas the Y-axis denotes the displacement (D) of the virtual site particle in the

Z-direction, as measured in nanometers (nm). The average lengths of dissociation are depicted, with error bars

indicating the standard deviation. Contacts are color-coded: white for non-specific, brown for nonpolar, and blue

for polar interactions.
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Figure S6. Dissociation profiles of non-native contacts (NON) in the RBD,n,-H11-H4 complex. The contact

pairs are located on the X-axis, whereas the Y-axis denotes the displacement (D) of the virtual site particle in the

Z-direction, as measured in nanometers (nm). The average lengths of dissociation are depicted, with error bars

indicating the standard deviation. Contacts are color-coded: white for non-specific, brown for nonpolar, and blue

for polar interactions.
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Figure S7. Dissociation profiles of non-native contacts (NON) in the RBDy,;,-H11-H4 complex. The contact
pairs are located on the X-axis, whereas the Y-axis denotes the displacement (D) of the virtual site particle in the
Z-direction, as measured in nanometers (nm). The average lengths of dissociation are depicted, with error bars
indicating the standard deviation. Contacts are color-coded: white for non-specific, brown for nonpolar, and blue

for polar interactions.
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Figure S8. Dissociation profiles of non-native contacts (NON) in the RBDygg,5s-H11-H4

complex. The

contact pairs are located on the X-axis, whereas the Y-axis denotes the displacement (D) of the virtual site

particle in the Z-direction, as measured in nanometers (nm). The average lengths of dissociation are depicted,

with error bars indicating the standard deviation. Contacts are color-coded: white for non-specific, brown for

nonpolar, and blue for polar interactions.
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Figure S9. Profile of non-native interface contacts observed during GoMartini pulling simulations of

RBD-H11-H4 complexes. NON contacts were analyzed across a collection of 50 pulling trajectories. The red

vertical line indicates the average rupture distance of the complex. The gray lines depict the standard deviation.



Table S1. Two-Tailed P-Values Comparing SARS-CoV-2 Variants (WT, Alpha, Delta, XBB.1.5).
Statistical analysis was conducted to assess the significance of differences between variants based
on mean and average measurements (n=50).

Variant WT Alpha Delta XBB.1.5
WT - 1.279x100 3.100x10"2 5.591x10%
Alpha 1.279x100 - 5.639x10"" 3.419x107
Delta 3.100x107 5.639x107"" -

XBB.1.5 5.591x10% 3.419x10"2 5.119x100° -




Table S2. List of protein contacts at RBD/H11-H4 interface. Protein-protein interactions are
calculated using the OV+rCSU contact map protocol over an MD trajectory of 1 ps. Protein contacts
with a frequency of 0.7 were considered in the contact map. The total number of protein contacts is

given next to the RBD variant name.

WT (24) Alpha (21) Delta (22) XBB.1.5 (16)
N450-H100 N450-H100 N450-H100 -
Y449-D115 - Y449-D115 -
Y449-Y101 Y449-Y101 Y449-Y101 Y449-Y101
F490-Y104 F490-Y104 F490-Y104 S490-Y104
L452-V102 L452-V102 L452-V102 R452-V/102

F490-R52 F490-R52 F490-R52 S490-R52
Y449-H100 Y449-H100 Y449-H100 Y449-H100
E484-R52 E484-R52 E484-R52 A484-R52
Y489-Y104 Y489-Y104 Y489-Y104 Y489-Y104
Q493-V102 Q493-V102 Q493-V102 Q493-V102
$494-V102 $494-V/102 $494-V102 S494-V102
L492-V102 L492-V102 L492-V102 L492-V102

S494-Y101 $494-Y101 $494-Y101 -
L455-Y104 L455-Y104 L455-Y104 -
L492-Y104 L492-Y104 L492-Y104 L492-Y104
Q493-5103 Q493-5103 Q493-5103 Q493-5103
Q493-Y104 Q493-Y104 Q493-Y104 -
F456-Y104 F456-Y104 - F456-Y104
E484-L105 - - ]
F486-L105 - - -
E484-S57 E484-S57 E484-S57 -
E484-L106 E484-L106 E484-L106 -
G485-L105 - - -
Y489-L105 Y489-L105 Y489-L105 Y489-L105

- V483-S57 - V483-S57

- - G485-L106 -

- - G496-Y101 -




A484-S57




Table S3. List of non-native interactions during the pulling simulations. Protein contacts were
calculated using the definition of enlarged VdW radii as reported by '. Total number of protein contacts

is given next to the RBD variant name.

WT (49) Alpha (64) Delta (34) XBB.1.5 (45)

C480-S57 - - -

1472-G55 - - -

F490-V102 F490-V102 F490-V102 -

V483-S107 - - -

C480-G55 - C480-G55 -

G482-L106 - - -

N481-Y59 - - -

C480-G56 - - -

Y495-Y101 Y495-Y101 - Y495-Y101

G482-S54 G482-S54 - G482-S54

N481-S54 N481-S54 - N481-S54

Q493-Y101 Q493-Y101 - Q493-Y101

Y449-F29 - - Y449-F29

Y449-T31 - Y449-T31 Y449-T31

E484-G56 E484-G56 - -

G482-R52 - - G482-R52

N487-L105 N487-L105 N487-L105 -

G482-W53 G482-W53 - G482-W53

Y449-S30 - - -

C488-L106 - C488-L106 -

V483-R52 V483-R52 - V483-R52

V483-S103 - - -

G482-Y104 - - -

N481-G55 N481-G55 - N481-G55

F486-Y60 - F486-Y60 -

G482-G55 G482-G55 - G482-G55

V483-G55 V483-G55 V483-G55 -

F490-L106 - F490-L106 -



https://paperpile.com/c/OT6Di0/wS3z

C488-L105

N487-S107 - N487-S107 -
E484-A58 - - A484-A58
F486-A58 F486-A58 F486-A58 -

N487-L106 - N487-L106 -
G485-A58 G485-A58 G485-A58 G485-A58

F486-D108 - - -
G485-Y59 - G485-Y59 -
F486-Y59 F486-Y59 F486-Y59 -
V483-G56 V483-G56 V483-G56 -

E484-Y104 - - -

P491-S103 - - -

Y489-L106 - Y489-L106 Y489-L106

G485-S107 - - -

V483-L105 - V483-L105 V483-L105

V483-L106 - - V483-L106

F486-Y104 F486-Y104 F486-Y104 -

F486-S107 - F486-S107 -

V483-Y104 - V483-Y104 V483-Y104

G485-L106 - - -

F486-L106 - F486-L106 -

- T470-G55 - -

- 1472-W53 - -

- E471-G55 - E471-G55
- E471-W53 - -

- G482-G56 - G482-G56
- T470-S54 - -

- E471-S54 - E471-S54
- 1472-S54 - -

- N450-T31 - N450-T31

- Y449-T28 - Y449-T28
- N448-F29 N448-F29 N448-F29




Y489-R52

F490-G55

Y495-H100

Y495-H100

F490-S54

V445-F29

S494-S30

Q493-T31

N487-A58

Y495-S30

Y495-T31

Y489-S54

Y489-G56

F486-151

N487-S57

S494-T31

G485-151

F486-W53

G485-W53

(G485-554

F486-G55

P491-L105

F486-R52

Y489-G55

E484-W53

G485-R52

L492-Y101

F486-G56

G485-G55

E484-S54

V483-W53

V483-W53

V483-S54

V483-S54

F486-S57

F486-S57




G485-G56

L492-S103 - -
G485-S57 G485-S57 -
E484-G55 - -
- Y451-F29 Y451-F29
- N450-S30 N450-S30
- V483-A58 V483-A58
- N487-Y104 -
- N450-Y101 -
- N450-V102 -
- C488-Y104 -
- G485-Y104 -
- L492-L105 -
] - G482-A58
- - G447-H100
] ; G447-F29
] - V483-Y59
] - A484-Y59
- - P446-T28
- - P446-F29
] - 1472-G56
] ; N450-F29
] ; Y489-S57
] - N448-H100
] ; S494-Y104
) ] S494-5103
] ; G482-S57
] - Y495-S103
] - N481-S57

N481-G56




Table S4. The interface energy of RBD/H11-H4 for SARS-CoV-2 variants in Martini 3
simulations. Interface energies for different variants using the Martini 3 force and GoMartini 3
approach. The coarse-grained topologies were created as described in the Methods sections, using a
cubic box extending 2 nm beyond the solute in each direction. A 1 ys long trajectory was run for each
variant. For each trajectory, the Van der Waals and electrostatics contribution were calculated for the
complex, and for each individual protein using the energy module of GROMACS. The respective
contribution of each protein was subtracted from the complex to obtain the interface energy given by
the Martini 3 force field. Additionally, the energetic contribution for each Go contact at the was

calculated for each frame, and the total interaction per frame was averaged over each trajectory.

Martini 3 force field
Variant Van der Waals | Electrostatics | Go potentials | Total interface

(kJ/mol) (kJ/mol) (kJ/mol) energy

(kJ/mol)
WT -366.8+36.1 -4.5+2.6 -286.5£12.3 -657.7+38.2
Alpha -421.0£61.5 -4.3+1.5 -226.5+14.6 -651.8+63.2
Delta -401.0+£33.5 -1.2+1.8 -280.4+9.3 -682.7+34.9
XBB.1.5 -349.5+28.1 -3.25.0 -197.8£10.3 -550.5+£30.3
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