Dynamics of the N-terminal domain of SARS-CoV-2 nucleocapsid protein drives

dsRNA melting in a counterintuitive tweezer-like mechanism

‘ 1,2,% . 1,2 .2
Icaro P. Caruso *~ , Karoline Sanches *“, Andrea T. Da Poian”, Anderson S.

Pinheiro®, Fabio C. L. Almeida®"

"Multiuser Center for Biomolecular Innovation (CMIB) and Department of Physics,
Institute of Biosciences, Letters and Exact Sciences (IBILCE), Sao Paulo State
University (UNESP), 15054-000, Sao José do Rio Preto, SP, Brazil;

?Institute of Medical Biochemistry Leopoldo de Meis (IBqM) and National Center
for Structural Biology and Bioimaging (CENABIO), Federal University of Rio de
Janeiro (UFRJ), 21941-590, Rio de Janeiro, RJ, Brazil;
3Department of Biochemistry, Institute of Chemistry, Federal University of Rio de Janeiro

(UFRJ), 21941-590, Rio de Janeiro, RJ, Brazil.

*Corresponding author e-mail address: falmeida@biogmed.uftj.br

icaro.caruso(@unesp.br

Tel.: +55-21-31042326

Tel.: +55-17-32212828


mailto:falmeida@bioqmed.ufrj.br
mailto:icaro.caruso@unesp.br

SUPPLEMENTARY MATERIAL
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Figure S1. Electrostatic potential surface of SARS-CoV-2 N-NTD calculated from APBS
software (1) using charge values and protonation states determined by PDB2PQR server (2)
along with PROPKA program (pH 7.0, 50 mM NaCl, 25 °C) (3). The bar denotes the
electrostatic potential range from -5 (red) to +5 KT (blue). The electrostatic potential
surface of N-NTD was displayed using PyMOL (4).
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Figure S2. RMSD values of the backbone atoms of free dsTRS for the 25 replicas of 100
ns MD simulations.
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Figure S3. RMSD values of the backbone atoms of free dsNS for the 25 replicas of 100 ns
MD simulations.
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Figure S4. RMSD values of the backbone atoms of N-NTD-bound dsTRS for the 25
replicas of 100 ns MD simulations.
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Figure S5. RMSD values of the backbone atoms of N-NTD-bound dsNS for the 25 replicas
of 100 ns MD simulations.
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Figure S6. RMSD values of the backbone atoms of free N-NTD for the 25 replicas of 100
ns MD simulations.
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Figure S7. RMSD values of the backbone atoms of dsTRS-bound N-NTD for the 25
replicas of 100 ns MD simulations.
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Figure S8. RMSD values of the backbone atoms of dsNS-bound N-NTD for the 25 replicas
of 100 ns MD simulations.
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Figure S9. Number of contacts < 0.6 nm between the atoms of N-NTD and dsTRS for the
25 replicas of 100 ns MD simulations.
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Figure S10. Number of contacts < 0.6 nm between the atoms of N-NTD and dsNS for the

25 replicas of 100 ns MD simulations.
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Figure S11. Number of intermolecular hydrogen bonds formed between the nitrogenous
bases of the dsSRNAs (dsTRS in top and dsNS in bottom) and N-NTD over the 100 ns
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simulations for the 25 MD replicas. The color bar denotes the correspondence between the
color code and the number of intermolecular hydrogen bonds.
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Figure S12. Structural model of the N-NTD/dsTRS complex representative of the MD
simulation for the runs 8, 17, and 25. The protein is shown as purple cartoon and dsTRS is
denoted as ribbon model with nitrogenous bases and base-pairing as colored squares and
rectangles, respectively. The color of the squares corresponds to the type of nitrogenous
base, being A: red, C: yellow, U: cyan, and G: green, while for the rectangles refer to the
nitrogenous base color of the sense strand of dsSRNA.
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Figure S13. Population distributions of local base-pair parameters (angles: buckle,
opening, and propeller; distances: stretch, stagger, and shear) for 25 runs of dsTRS and
dsNS in their free form (dsTRS in light gray and dsNS in magenta, respectively) and
complexed with N-NTD (N-NTD+dsTRS in black and N-NTD+dsNS in red). The plot
insets correspond to the difference between the population distributions of N-NTD-bound
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dsRNA minus its free state for dsNS (red) and dsTRS (black). The scheme insets illustrate
the geometrical definition of each local base-pair parameter (5).
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Figure S14. Simulations of the reactions progression for the validation of the ranges
described in Figure 6A for model 1. A) Effect of the variation of ko, in reaction R2 and R3.

Note that ko, < 10° M's™ makes the reaction too slow to reach equilibrium, violating
boundary B4. B) Effect of the variation of k,, (left) and K, (right) in reaction R4. Note that



kon < 10° M*s? or K, < 10° M make the reaction too slow to reach equilibrium, violating
boundary B4. C) Effect of the variation of ko, (left) and K, (right) in reactions R5 and R6.
Note that ko, < 10° M*s™ or K, < 10° M™* make the reaction too slow to reach equilibrium,
violating boundary B4. For model 1 simulations, we used the following reaction rates:
(R1) kon=4x10* M st and ke = 8x107* s (R2, R3) kon = 4x10" M s and kog =154,
(R4) kon = 1x10" M st and ket = 15 (R5, R6) kon = 4%10" M st and ke = 157 (red).

10



Model 2a

A kon - reaction 4 Ka - reaction 4

4 511
50.8 10*M”s

o
¢
&

4e-8

IS
®
@

3e-8

w
e
@

[dSTRS], M
[dsTRS], M

2e-8

n
P
G

1e-8

?
@

o
o

0 5 10 15 20 0 2 4 6 8 10
Time, s Time, s
B kon - reaction 5 Ka - reaction 5
5e-8
4e-8
= =
@ 7 3e-8
@x ¥
- =
g 8
= 2e-8
1e-8
0 ;
0 2 4 6 8 10
Time, s Time, s
model 2a reaction 6 model 2a reaction 6
5e-8 5e-8
[NTD] =10 nM [NTD] = 250 nM
4e-8
g g 3e-8 —_—c2
g o —c3
3 ; —
&) O 2e-8 —— RS
—— dsTRS
—— TRS
1e-8
7 r — 0 r .
0 100 200 300 400 0 1 2 3 4 5
Time (s) Time (s)

Figure S15. Simulations of the reactions progression for the validation of the ranges
described in Figure 6A for model 2a. A) Effect of the variation of ko, (left) and K, (right) in
reaction R4. Note that ko, < 10 M5 or K, < 10° M* make the reaction too slow to reach
equilibrium, violating boundary B4. B) Effect of the variation of k,, (left) and K, (right) in
reaction R5. Note that ko, < 10’ M%s™ or K, < 1 M make the reaction too slow to reach
equilibrium, violating boundary B4. C) Time course of the reaction R6 for each of the
components. For model 2a, for 10’> K, > 10° M™, there is never accumulation of C5,
resulting in a kinetic of dsSRNA melting independent of ko, and ko at fixed concentrations
of N-NTD. The kinetics changes considerably with the [N-NTD] as showed in the figure.
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For values of K, > 10" Mt we observed the transition to model 2b with accumulation of
C5. Note that for reactions R2 and R3, K, was determined experimentally (4x10" M™).
Particularly for model 2a, the kinetic of dsSRNA melting is independent of ko, and ke of
reactions R2 and R3, at fixed concentrations of N-NTD. For model 2a simulations, we used
the followin% reaction rates: (R1) kon = 410 M*s™ and kot = 8x10* s%; (R2, R3) Kon =
4x10" MYst and kot = 1 57 (R4) kon = 1x10" M 2st and kot = 1575 (R5) kon = 1x10% M~
Istand ket =15 and (R6) kon = 1x10° M s and ko = 1x10 1 s,
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Figure S16. Simulations of the reactions progression for the validation of the ranges
described in Figure 6A for model 2b. A) Effect of the variation of ko, in reactions R2 and
R3. Note that ko, < 10° M's™ makes the reaction too slow to reach equilibrium, violating
boundary B4. B) Effect of the variation of ko, (left) and K, (right) in reaction R4. Note that
kon < 10" M*s? or K, < 10° M make the reaction too slow to reach equilibrium, violating
boundary B4. C) Effect of the variation of ko, (left) and K, (right) in reaction R5. Note that
kon < 10" M*s ™t or K, < 107 M make the reaction too slow to reach equilibrium, violating
boundary B4. D) Effect of the variation of ko, (left) and Kj (right) in reaction R6. Note that
kon < 10° M*s ™t or K, < 10” M make the reaction too slow to reach equilibrium, violating
boundary B4. For model 2b simulations, we used the following reaction rates: (R1) kon =
4x10* M and kot = 8x107* s (R2, R3) Kon = 4%10" M*s ™ and kot = 1 5°; (R4) kon =
1x10" M s and kot = 1 5% (R5) kon = 1x10® M*s* and kot = 1 5 and (R6) kon = 1x10°

Ms™ and kot = 1x10t s
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