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List of Homologous PDB Structures

Table S1: PDB list of PDB structured used in structural comparison. Sequence similarity and RMSD is based on
the mustang alignment (see Homology Modelling in the main text).

PDB ID Sequence | Number of Identical | RMSD Nucleotide NA
Length Residues

2xz0 770 85 7.2 ADP+AIF4 SSRNA
5mzn 825 84 12.9 ADP -

6jim 668 56 10.5 ADP+AIF; ssRNA
4193 1778 49 23.0 ATP -

308d 823 44 20.3 ADP -
308r 822 41 20.6 ADP+BeF; ssRNA
3rrm 687 35 16.2 ADP -

3i61 748 32 17.6 ADP+BeF; ssRNA
Atyw 762 32 19.8 ADP+BeF; sSRNA
6c90 968 32 18.8 ADP -

3kqu 709 31 18.6 ADP+BeF; ssDNA
Ixtj 689 30 13.3 ADP -

3i62 750 29 17.4 ADP+AIF, ssRNA
4tz0 753 29 18.0 GDP+BeF; ssRNA
2whx 797 29 26.2 ADP -

5e4f 722 28 19.5 ADP+AIF, -

6uv3 711 28 17.0 ADP+BeF; ssRNA
3kx2 985 28 21.9 ADP -

6uv2 715 27 16.1 ADP+BeF; ssRNA
6uv4 705 27 17.3 ADP+BeF; ssRNA
5xdr 952 27 21.3 ADP -
5y6m 691 26 211 ADP+AIF; -

3kql 704 26 20.2 ADP+AIF; ssDNA
2jlr 723 26 18.5 ANP -

6adx 695 25 21.3 ADP -
6uvl 706 25 17.8 ADP+BeF; ssRNA
3kgn 711 25 18.3 ADP+BeF; ssDNA
5k8u 712 25 19.5 ADP -
5vhc 1059 25 23.2 ADP+BeF; -

2jls 723 24 20.2 ADP -
5e3h 889 24 26.0 ADP+BeF; dsRNA
2jlv 706 23 20.2 ANP ssRNA
6ady 695 23 21.6 ADP -

2jlx 712 23 19.9 ADP+VO,* ssRNA
2pl3 653 22 18.0 ADP -

2jlz 721 22 18.2 ADP ssRNA
4ljy 738 22 27.8 ADP -

5y6n 704 21 19.3 ADP -

5y4z 714 21 20.0 ANP -
3dkp 650 20 18.9 ADP -
3wrx 711 18 23.3 AGS -

3ex7 619 15 17.7 ADP+AIF; ssRNA
5sup 685 14 21.1 ADP+BeF; sSRNA




Protonation State of Protein Residues

The protonation state of aspartate and glutamate residues are all deprotonated, lysine and
arginine residues are protonated. Corresponding PROPKA estimates are shown in Table S2.

Table S2. pKa estimates (in order of decreasing acidity) of aspartate, glutamate, lysine and arginine residues.

Asp | pKa |Glu |pKa |Lys | pKa Arg | pKa
458 | 2.27| 341 19| 202 9.16 | 567 9.14
328 | 246 | 540 | 2.16 | 320 9.36 15| 11.27
113 | 2.63| 143 | 2.72 40| 10.24| 332 | 11.49
435 | 2,75 201 | 3.29| 465 | 10.26 | 560 | 11.57
580 | 2.76 | 244 | 3.41| 131 | 10.28 | 303 | 11.67
578 | 2.84 | 197 | 3.55 94 | 10.28 | 339 11.7

59| 293)] 261 | 3.55| 171 | 10.29| 129 | 11.91
223 33| 142 3.75| 508 | 10.35| 409 | 11.93
466 | 3.51| 551 | 3.76 | 477 | 10.36 | 507 | 12.06

32| 3.64)| 498 | 4.18 | 347 | 10.36| 442 | 12.12
450 | 3.82 | 128 43| 271 | 10.36| 427 | 12.13
119 | 3.83| 375 | 4.34| 473 | 10.37| 390 | 12.14
160 | 3.85| 365 44| 218 | 10.38 22 | 12.29
483 | 3.85| 156 | 4.52 | 189 | 10.43 | 490 | 12.29
101 | 3.89| 168 | 4.53| 288 | 10.44 | 248 | 12.34
344 | 391 | 353 | 456 524 | 10.45)] 155| 12.38

56 | 3.96| 418 | 4.58 | 345 | 10.45| 497 | 12.38
260 | 3.96| 591 | 4.58 76 | 10.46| 173 | 12.42
534 | 3.98| 420 | 4.71| 467 | 10.47 | 594 | 12.47
204 | 398 | 447 | 4.73 | 414 | 10.47| 392 | 12.47
583 | 3.98| 136 | 5.07 | 462 | 10.53 | 502 | 12.65
207 | 4.01| 162 | 5.22 73| 10.54| 178 | 12.69
542 | 406 | 319 | 596 | 430 | 10.55| 443 | 12.86

369 | 4.19 569 | 10.59 21 12.9
105 4.2 394 | 10.81| 595 | 13.17
315 | 4.45 192 | 10.82 | 579 | 13.19
383 | 4.61 460 | 11.43| 161 | 13.47
401 | 5.11 323 | 11.44| 337 | 13.89
374 6.2 146 | 11.47 | 186 | 14.06
276 | 11.49| 212 | 14.15

329 | 11.49

28 | 11.67

139 | 12.54

584 | 12.63

The structure does not contain any disulphide bond thus cysteines are protonated, except the
ones involved in zinc coordination (residues 5, 8, 16, 19, 26, 29, 50, 55 and 72). All histidines



are single protonated, their protonation state was assigned according to their hydrogen-
binding network as detailed in Table S3.

Table S3. Histidine residues and their protonation state (HSD: delta protonated, HSE epsilon protonated), with
reasoning based on the environment of the sidechains.

Residue Protonation state coordination
33 HSD Ne coordinates Zn?*
39 HSE Ns coordinates Zn?*
75 HSE Ns coordinates Zn?*
164 HSD Hs donates hydrogen-bond to Asp207 backbone
230 HSD Hs donates hydrogen-bond to Ura7 backbone
245 HSD
290 HSE Ns accepts hydrogen-bond from ATP ribose
311 HSE Ns accepts hydrogen-bond from Arg332

He donates hydrogen-bond to Ura6 backbone
395 HSD Hs donates hydrogen-bond to GIn275 backbone
464 HSD
482 HSD Ne accepts hydrogen-bond from Thr552
554 HSD

Supplementary Note 1: MD Simulations Details
CHARMM/NAMD

The helicase model was used as starting point for MD simulations. The system consists of the
helicase, three Zn?* ions, ATP, Mg?* and ssRNA with eight uracil bases. The MD simulations
were performed using NAMD 2.13,* using CHARMM36 force field.? The system was solvated
by 50,000 — 70,000 TIP3P water molecules resulting in a box of 120 A per side. To neutralize
the system and account for a 0.15 M KCl solution we added 171 K* and 189 ClI- ions.? Periodic
boundary conditions (PBC) were used in all the simulations and the particle mesh Ewald (PME)
method was used for long-range electrostatic interactions. SHAKE algorithm was deployed to
constraint the covalent bonds involving hydrogen atoms. A cutoff 12 A was used to treat non-
bonding interactions. The energy of the system was minimized using a standard protocol via
steepest descent algorithm for a total number of 10,000 steps, followed by 50 ns equilibration
with restrained heavy atoms (heavy atom of the backbone of the protein and the nucleic acid
with an isotropic force of 1000 kJmol*hm™) in constant pressure and temperature (NPT) and
constant volume and temperature (NVT; up to 1ns) at 303.15 K via standard MD procedure
with a time step of 2 fs. To maintain the tetrahedral coordination of the three zinc ions in the
ZBD domain, we applied a combination of angle and distance restrain during all the MD
simulations. To help equilibrate the complexes, we used a harmonic constraint on selected
contacts with a force constant of 10 kcal/mol for 15 ns in our preliminary MD simulations to
maintain relevant contacts. These constraints were subsequently progressively reduced and
removed during the next 20 ns, using the colvar function implemented in NAMD.



Amber/Gromacs

To compare simulation results obtained with MD, we also carried out MD simulations using
GROMACS 2018*7 with the Amber ff99+ parmbscO+chiol3 force field®® for ssRNA and
Amber14SB10 for the helicase. To maintain the coordination of the Zn?* ions, the ZAFF model
was used!’. The molecular systems were placed in a cubic box and solvated with TIP3P water
molecules.? The distance between the solute and the box was set to at least 14 A. The solute
was neutralized with potassium cations and then K*Cl" ion pairs were added to reach the salt
concentration of 0.15 M. We used the ion corrections of Joung et al.'? as this force field has
been shown to produce stable RNA structures.'* The parameters for Mg?* are taken from
Ref. 1%, Long-range electrostatic interactions were treated using the particle mesh Ewald
method!>¢ with a real-space cut-off of 10 A. The hydrogen bond lengths were restrained
using P-LINCS,>'’ allowing a time step of 2 fs.!® Translational movement of the solute was
removed every 1000 steps to avoid any kinetic energy build-up.'® After energy minimization
of the solvent and equilibration of the solvated system for 10 ns using a Berendsen thermostat
(tr = 1 ps) and Berendsen pressure coupling (tp = 1 ps),'® simulations were carried out in an
NTP ensemble at a temperature of 300 K and a pressure of 1 bar using a Bussi velocity-
rescaling thermostat®® (tp =1 ps) and a Parrinello-Rahman barostat (tp =1 ps).2! During
minimization and heating, all the heavy atoms of the solute were kept fixed using positional
restraints. The restraints on the RNA and the protein backbone were relaxed slowly during
the equilibration from 1000 kJmol* nm?to 10 kimol*nm?.

Amber/Amber-GPU

Additional MD simulations, constructed using the AmberTools20 building package, were
performed with the GPU version of Amberl8 using the ff14SB force field to represent the
protein,’? the ff990L3 force field for the RNA,%° ATP parameters from Meagher et al?? and
parameters for Mg?* are taken from Ref. 3. The tetrahedral coordination state of the zinc was
maintained using the ZAFF bonded force field.?> Note that additional parameters were
required for the HIS-33 that interacted with the zinc via its epsilon nitrogen by reference to
comparable parameters in the ZAFF using a hybrid of the center ID 4 and 6 models.?* For
structures where ATP is bound, the octahedral coordination of the Mg?* (which involves
bonds to the ATP B and y phosphate oxygen atoms, one with oxygen of the Ser289 hydroxyl
group and three structural water molecules) was constructed using the Chimera metal center
builder.?® The solute was neutralized with potassium cations, then the protein was immersed
in a box of TIP3P water molecules extending a minimum of 10 A from the protein surface, and
K*Cl ion pairs were added to achieve a salt concentration of 0.14 M. MD simulations were
performed in the NTP ensemble, with Berendsen temperature and pressure coupling. SHAKE
was applied to all bonds involving hydrogen, allowing an MD integration timestep of 2 fs.
Long-range electrostatic interactions were treated using the particle mesh Ewald method*>1®
with a real-space cut-off of 12 A. To equilibrate the protein and nucleo-protein complexes,
the systems was initially energy minimized with positional restraints placed upon the solute,
followed by minimization of both solvent and solute. The system was then heated to 300 K in



the presence of positional restraints upon the solute, which were gradually reduced from 50
kcal/mol A2 to 1.0 kcal/mol A2 over a timescale of 100 ps. For the apo-helicase structure, all
restraints were then removed. For the ATP-ssRNA helicase complex which included the
coordinated Mg?* ion, an additional 50 ns of equilibration was performed with harmonic
distance restraints (set at 2.1 A with a spring constant of 20 kcal/mol A?) to maintain the
positions of coordinated atoms, and angle restraints imposing the octahedral geometry
around the Mg?* ion. An additional restraint was imposed to maintain the orientation of
Asp374 and Glu375 to the adjacent coordinated water molecule, as observed in the MutS-
ATP complex (PDB ID 1w7a%). Three 1 us simulations of the apo-structure at a salt
concentration of 140 mM, and one 1.5 pus simulation in neutralizing salt were performed. We
have also obtained 1 ps simulations of the ATP-helicase (two replicas), the RNA-helicase and
the ATP-ssRNA-helicase complex. For all coordinated ATP Mg?* metal centers, these
equilibration protocols provide stable octahedral geometries, including the complexed water
molecules, during unrestrained MD over 1 us timescales.

List of MD Runs, Force Fields and Software.

Table S4. Details of the molecular dynamic simulations ran.

. . MD Monomer/
Name Time Force field ]
Software Dimer
Gromacs - Replica 1 1ps Amber?! Gromacs Dimer
Gromacs - Replica 2 1ps Amber?! Gromacs Dimer
Namd - Replica 1 1ps CHARMM36 Namd 2.13 Dimer
Namd - Replica 2 1ps CHARMM36 Namd 2.13 Dimer

Namd - Replica 3 1ps CHARMM36 Namd 2.13 Monomer
Namd - Replica 4 1ps CHARMM36 Namd 2.13 Monomer
Namd - Replica 5 1ps CHARMM36 Namd 2.13 Monomer

apo

Amber -Replica 1 1ps Amber? Amber Monomer
Amber -Replica 2 1pus Amber? Amber Monomer
Amber -Replica 3 1ps Amber? Amber Monomer
Gromacs - Replical 1.5us Amber?! Gromacs Monomer
Gromacs - Replica2 1.5us Amber?! Gromacs Monomer
Gromacs - Replica3 500 ns Amber?! Gromacs Monomer

Namd - Replica 1 1ps CHARMM36 Namd 2.13 Monomer
holo Namd - Replica 2 1ps CHARMM36 Namd 2.13 Monomer
Namd - Replica 3 1pus CHARMM36 Namd 2.13 Monomer
Namd - Replica 4 1ps CHARMM36 Namd 2.13 Monomer
Namd - Replica 5 1ps CHARMM36 Namd 2.13 Monomer
Amber -Replica 1 1ps Amber? Amber Monomer

1 Amber14SB for the protein - Amber ff99+ parmbscO+chiolL3 for the RNA
2Amber14SB for the protein — Amber ff990L3 for the RNA
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Figure S1. RMSD of the protein backbone along unbiased MD trajectories for the apo (a) and holo (b) models.



UniProt Sequence Similarity
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Figure S2. Sequence similarity of the sequences fetched from UniProtKB search aligned to the 601-residue long
SARS-CoV-2 RNA helicase. Domain 1 shows similarity only to the close relatives (96 coronaviruses), while the
RecAl and RecA2 domains are more common across ATPase sequences. The pairwise alignments by UniProt
do not recognize the first half of RecAl (residues 270-350), by default.Key structural motifs are highlighted
using symbols (P-loop: grey square, DE motif: green square, arginine fingers: black triangle, ssRNA interactions:
red triangles).



Supplementary Note 2: Redundancy in the Similar Sequences from
UniProtkKB

The multipe sequence alignment produced for the representative 796 sequences is available

here.

List of clusters determined by cd-hit, using 90% sequence identity as a cluster criterium.

Sequences are identified by their UniProt ID

>Cluster 0 AOA1UBJRD3 >Cluster 10 HI9TEXO AOA1S3T8PO
AOA1B6QLF6 AOA2P5YLH7 AOA0S2ZXRO POC6Y5 >Cluster 31
AOA1D6GSE4 AOA5B6WIY7 POC6Y1 >Cluster 20 AOA2G5SB99
AOA1D6GSF6 AOA5D2W139 POC6Y2 AOA3P9B9E6 AOA2G5SBB2
AOA1D6GSF7 AOA5D2W1E1 POC6Y3 AOA3Q3BZA6 AOA2G5SBC8
AOA1D6GSGO AOA5D3A3F8 >Cluster 11 13J4V8 >Cluster 32
AOA1D6GSG6 >Cluster 4 AOAOROFTRO >Cluster 21 AOA222A1D8
AOA1D6GSHO AAZTX2 AOAOROFTS4 AOA446UEE1 AOA222A1G8
AOA1D6GSH7 A4ZU49 AOAOROFU35 AOA446UEGO >Cluster 33
AOA1D6GSH9 POCe6W7 AOAOROG4AW7 AOA446UEG3 AOA140H1G9
AOA1D6KB56 POC6WS8 >Cluster 12 >Cluster 22 POC6X2
AOA1D6KB59 POC6W9 AOAOD2V3N8 AOA4Q4VLQ6 >Cluster 34
AOA1D6KB66 POC6X0 AOAOD2VWW4 AOA4Q4YDI2 POC6W1
AOA1D6KB68 POC6X6 AOA1U8NI48 AOA4Q4YZM4 POC6W3
AOA1D6KB81 >Cluster 5 AOA5D2VBC6 >Cluster 23 >Cluster 35
>Cluster 1 AOAO87R8F9 >Cluster 13 AOA1H3Q4V8 COKYWS8
AOAQ096XNP3 AOAQ091PRYO AOA446QZ97 AOA1I5GPT8 POC6X8
AOAOK1YZY7 AOA091SQJ3 AOA446QZ99 A4FJR6 >Cluster 36
AOAOU1IWHGO AOA093BG16 AOA4465195 >Cluster 24 PODTD1
AOAOUIWHGS8 AOAO093F1K1 M7ZRY7 AOA1X7PIG2 >Cluster 37
B8Q8Q1 AOA093Q616 >Cluster 14 AOA2V2L)54 K9N7C7
POC6V9 >Cluster 6 AOA091H140 A8U4B0 T2B9UO
POCe6W2 AOA125R5A3 AOA091L8Q7 >Cluster 25 >Cluster 38
POC6W6 C6GHC4 AOA091M2WO AOA1HS8TJ13 AOAOE3GHV1
POC6X7 C6GHJ8 AOA091P171 AOA1I3F1P9 AOAOE3J9G4
Q692E6 Q98VG9 >Cluster 15 AOA365TPT7 >Cluster 39
Q6UZF1 VIPIT1 AOA1P8B6EOD >Cluster 26 A3EXI1
Q6UZF5 >Cluster 7 B6SFA4 AOA3F2U1C2 A3EXI9
R9QTA1l AOA3B6LP85 ROF313 AOA4R2GIQ6 >Cluster 40
>Cluster 2 AOA3B6LPI6 V4aLz12 AOA5C6TQ54 AOAOU1UZ20
AOA287NTV4 AOA446UEE6 >Cluster 16 >Cluster 27 B1PHKO
AOA287NTV8 AOA446UEH8 AOA453N5V2 AOA1B1S8W4 >Cluster 41
AOA287NU34 AOA446UEJ4 AOA453N5W1 AOA3N2N7GO AOA096XNJ3
AOA287NULS >Cluster 8 AOA453N730 AOA4QQIZW9 AOA1X9JPE2
AOA3B6HX52 AOAOL9UQ79 AOA453N739 >Cluster 28 >Cluster 42
AOA3B6IRK6 AOA1S3U570 >Cluster 17 AOAOROIILS AOAOU1UZ30
AOA3B6ISC7 AOA1S3U583 A3EXDS8 AOAOROIINS AOAOU1IWHG4
AOA446QZD2 AOA3QOEYP4 A3EXE7 V7B556 >Cluster 43
AOA446QZI0 AOA3QOF2N5 POCeW4 >Cluster 29 HOEJ42
AOA4465183 >Cluster 9 >Cluster 18 AOAQ078IRVO POC6X5
AOA4465188 AOAQ95EZF8 11TTMHO AOAOD3A7W4 >Cluster 44
AOA446S1A0 AOAQOT5P2F0 POC6X9 MA4EXGO AOAOU1WHF6
>Cluster 3 AOA2T7G1E9 POC6YO >Cluster 30 A8JNZO
AOAOBOMLF3 AOA369TG04 >Cluster 19 AOAQOL9TBI1 >Cluster 45
AOAOD2NIC2 AOA399J4N2 AOAQU2LWIJ9 AOA1S3T8N6 B2BW31



V5TFR4
>Cluster 46
AOA140ESFO
H9BQZ9
>Cluster 47
AOA1R1XUSS
AOA1R1Y4B2
>Cluster 48
V7BXW1
V7C1R1
>Cluster 49
AOA139HN52
AOA13915B4
>Cluster 50
AOA1P8AT95
ROILM7
>Cluster 51
VA4KYNS
V4L5V5
>Cluster 52
ROLNH8
U3J0G9
>Cluster 53
DOMSES
w2QDY2
>Cluster 54
AOA1D6KB54
AOA1D6KB69
>Cluster 55
AOA1D6GSI5
AOA1D6KB88
>Cluster 56
AOAOROJUN4
K7KYE7
>Cluster 57
E3MXP1
E3N3B6
>Cluster 58
AOAON7F5X7
AOA1W2ECMS8
>Cluster 59
E3NHZ1
E3NMAG6
>Cluster 60
AOA182H3DO
AOA182H3D2
>Cluster 61
AOA222E4Z7
AOA2VANJHO
>Cluster 62
AOA1Q4XVP1
AOA1V2QMD6
>Cluster 63
A7UR07
Q7QL33

>Cluster 64
AOAOX3TQ91
AOA1H5YI87
>Cluster 65
AOA3EOHQS86
W7SCC7
>Cluster 66
AOA2G5SCH3
AOA2G5UX19
>Cluster 67
MA4S6T9
TOKAQO
>Cluster 68
AOA1S3HNJ9
AOA1S3IUM2
>Cluster 69
AOA255SDT7
AOA255TAJ9
>Cluster 70
AOA4447TB1
AOA445DMQ4
>Cluster 71
AOAO59EJP1
AOAO59F572
>Cluster 72
AOAOD3EHNG6
MACXZ8
>Cluster 73
AOA386JUR1
>Cluster 74
AOA345GNZ4
>Cluster 75
AOA076PY83
>Cluster 76
AOA1L3KIY4
>Cluster 77
AOA088DIE1
>Cluster 78
AOA023YA54
>Cluster 79
I6LMNO
>Cluster 80
POC6X3
>Cluster 81
USKNA9
>Cluster 82
AOAOA7UXRO
>Cluster 83
POC6X4
>Cluster 84
H9AA60
>Cluster 85
EOXIZ2
>Cluster 86
B1PHI6

>Cluster 87
AOA1B3Q5W8
>Cluster 88
AOAOU1WHB2
>Cluster 89
POC6WS5S
>Cluster 90
AOA166ZL34
>Cluster 91
QO008X6
>Cluster 92
S5YAFO
>Cluster 93
POC6WO
>Cluster 94
K4K1U5
>Cluster 95
POCeY4
>Cluster 96
AOA1L2KGB4
>Cluster 97
POC6X1
>Cluster 98
POC6V8
>Cluster 99
uUslJe5
>Cluster 100
B3U1H4
>Cluster 101
Qowpz7
>Cluster 102
AOAOF6WGLS
>Cluster 103
D9J202
>Cluster 104
AOAOU1UZC3
>Cluster 105
AOA172B201
>Cluster 106
C7S857
>Cluster 107
AOAOUIWHG1
>Cluster 108
AOA240FW17
>Cluster 109
B6VDY6
>Cluster 110
B6VDX7
>Cluster 111
H9BR16
>Cluster 112
H9BRO7
>Cluster 113
H9BR34
>Cluster 114

H9BR24
>Cluster 115
AOA1L3KIX8
>Cluster 116
AOAOF6PMZ2
>Cluster 117
H3EV11
>Cluster 118
Q55EG2
>Cluster 119
AOA1L3KJ46
>Cluster 120
AOA091DNS4
>Cluster 121
AOA1ROGY31
>Cluster 122
AOA3Q1FPH2
>Cluster 123
AOA1S3LB0O0
>Cluster 124
AOA2T9ZDP7
>Cluster 125
W1PPC2
>Cluster 126
G5AT46
>Cluster 127
5$7Q254
>Cluster 128
AOA2K1KOG6
>Cluster 129
AOAOK6GGY7
>Cluster 130
AOA093INC5
>Cluster 131
AOAO60WYY7
>Cluster 132
Q55F22
>Cluster 133
AOA3S3N3D6
>Cluster 134
Wi4xLQ4
>Cluster 135
E7FBJ2
>Cluster 136
AOA1U7EIWS
>Cluster 137
Q55F23
>Cluster 138
AOA5P1EQPO
>Cluster 139
AOA3P9AKK6E
>Cluster 140
AOA553QYLO
>Cluster 141
AOA2R8QOK5

>Cluster 142
AOA2P5EQ39
>Cluster 143
AOA1Y1VMB4
>Cluster 144
AOAOD3DWY3
>Cluster 145
J3AMYT5
>Cluster 146
AOA4W5MRY2
>Cluster 147
AOA2I0AMO3
>Cluster 148
AOA087HP32
>Cluster 149
AOA1P8AT74
>Cluster 150
C4R155
>Cluster 151
D7KEJO
>Cluster 152
F415Z7
>Cluster 153
C5M7X3
>Cluster 154
AOA367YHYO
>Cluster 155
AOA397)D47
>Cluster 156
AOA4TOX5S3
>Cluster 157
AOA2D3UR11
>Cluster 158
D85SG52
>Cluster 159
AOA1Z5TCG9
>Cluster 160
AOA3N417P7
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ATP Binding Distances
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Figure S3. Histograms of nine key interactions in the ATP pocket has been monitored during the multiple MD
simulations. For each distance (see title above each plot), we represent the distribution along multiple replicas
for the CHARMM (blue) and Amber (orange) force field. The structural representation of each distance is
shown in the insets.



Supplementary Note 3: Puckering Analysis
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Figure S4. a: Dihedral angles involved in the conformational description. b: Envelope conformers of the ribose
ring associated to puckering angle values. c: Schematic example conformers of C3’-endo and C2’-endo
highlighting the out-of-plane atoms.

To take the ribose conformation into account, we described the sugar ring using
pseudorotation parameters (Figure S4). Although there are four possible pseudorotation
parameters for a five- membered ring,?’ two in particular are useful to characterize the sugar
conformation: the phase (Pha) and the amplitude (Amp). While the amplitude describes the
degree of ring puckering, the phase describes which atoms are most out of the mean ring
plane. We calculated these parameters using the expression:2®

a
Amp = /(a%? + b2); Pha = cos™?! <Amp)

where a = 0.4Y?_, v; cos[0.8n(i— 1)] andb = —0.4¥?>_, v; sin[0.8n(i — 1)], with v; the
ring dihedral angle i. This approach has the advantage of processing the five ring dihedrals
from v; (C1-C2-C3-C4) to vs (04-C1-C2-C3) in an equivalent manner. Conventionally, sugar ring
puckers are divided into 10 families described by the atom which is most displaced from the
mean ring plane (C1, C2, C3, C4 or 04) and the direction of such displacement (endo for
displacements on the side of the C5 atom and exo for displacements on the other side). Using
the Curves+ program?® for each simulation trajectory, for each nucleotide we computed the
percentage of appearance for each family. To understand the interplay between the sugar
conformation and the chemical reactivity, we grouped the sugar puckers into two large
families. The sugar puckers C1’-exo, C2’-endo, C3’-exo, C4’-endo belong to the B-like family,
while C1’- endo, C2’-exo, C3’-endo, C4’-exo belong to the A-like family.



Puckering Results
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Figure S5: top PDB table of different RNA-helicase structures with the relative puckering values for each
nucleotide in the RNA. center Circular histogram representing the puckering angle distribution for the eight
nucleotides present in our MD simulations (CHARMM: blue and Amber: orange). bottom 2D energy surfaces of
the puckering angle of uracil in position 6 of the RNA and the Ura6(OP1) — Thr359(0G) distance (left plot) and
the puckering angles of Ura5 (y axis) and Ura6 (x axis).



RNA stability
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Figure S6. a: Structural comparison of the RNA chains using two different force fields (CHARMM: blue and
Amber: orange), The ssRNA from 2xzl is shown in sticks with outline, as a reference. Excluding the terminal
nucleotides (Ural and Ura8), the RNA is stable in the pocket and aligns well with 2xzl. b RMSD of the backbone

of the ssRNA residues, excluding terminal uracils 1, 7 and 8.
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Figure S7. Weighted RMSD modes for the first four PCA components of each simulation type. A larger value
indicates that residue contributes more to the motion described by the respective PCA component.
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Figure S8. DCC maps showing the correlation between the interatomic displacements over the motion
described by the first principal component.

Supplementary Note 4: Apo Structures

All replicas of the apo structure show low flexibility and no major changes of the backbone
structure of the dimer. We analyze the overall flexibility of the dimers and compare our
results with the experimental b-factor obtained in 6jyt and 6zsl (Figure S9 in the main text).
Our model, in common with the two crystal structures, shows higher flexibility on the external
shell of RecA2 domain, while the ATP and the RNA pockets appear to be more conserved. The
ZBD shows low flexibility, in agreement with the b-value of 6jyt, but not with 6zsl (especially
chain A), in which the temperature factor is higher, due to the different dimerization of the
crystal structures (Figure S9).



Chain A

Chain B

Figure S9. Conformational flexibility of the apo helicase protomers from 6jyt, 6zsl and our model if the apo
dimer from the MD simulations. The residues are colored according to the deposited PDB B-factors (6jyt and
6zsl; from blue: low B-factor to red: high B-factor), and by the residue RMSD from the MD trajectory.



Principal Protein Motion

Figure S10. This shows the motion described by the first PCA component for holo simulations carried out in
AMBER. a) Represents the motion using full structures, starting from the minimum value of the principal
component observed (blue) to the maximum value (red). b) Represents the motion with displacement vectors.
The cartoon is colored by regions defined in Figure 6e in the main text: red: (i) the ZBD domain, yellow: (ii) the

rest of Domain 1 along with RecAl, and green: (iii) RecA2.



Pocket Analysis

Along the simulation trajectories, we define pocket distances to every 10th alpha carbons, and use
these internal coordinates for identification. A representative pocket is selected from one frame and
the similarity of other pockets from all frames are calculated via the pocket distances. A pocket is
deemed identical to the reference, if it is below a threshold for the Cartesian distance within the space
of the internal coordinates. This threshold is determined using the distribution of pocket distances.
The analysis is implemented into our version of pyvol, and available together with the thresholds used
via the link: https://github.com/bertadenes/pyvol.”

Table S5. Extended statistics of pocket volumes in different simulations. Pockets are named as depicted in

Figure 7 in the main text. Holo and apo refers to whether the ATP and RNA substrates were bound to the
helicase in the simulation. CH and Am are CHARMM and Amber Force Fields (FFs).

ATP RNA RecA2 RecA2 RecA2 ZBD
system FF
pocket pocket pocketl pocket2  pocket3 pocket
holo CH 96,28 98,60 18,45 22,25 54,57 26,52 16,91
monomer Am 98,28 98,18 34,92 18,12 - 16,40 20,26
apo
— Am 81,40 99,74 35,06 - 37,00 17,77 7,89
¥  monomer
g apo CH 93,03 84,57 89,27 - 91,63 92,03 19,90
c
9  dimer
o . Am 70,11 99,55 27,99 - - 25,70 4,99
a chain A
apo CH 99,17 99,17 72,17 94,17 70,73 36,00 -
dimer
. Am 69,81 99,70 42,96 - - 22,46 5,04
chain B
holo CH 6301263 14724858 276164 4091179 4051200 4491202 268t74
monomer Am 5424223 19114565 330491 3531119 - 30075  246%47
apo
- P Am 6651338 24151873 303106 - 286+99 282173  247+50
. monomer
: apo CH 695+473  2889+1025 4771327 - 4514305 693+468 256166
g dimer
©° . Am 6991287 30351968  312+103 - - 282+68 253162
> chainA
apo CH 165711507 241141564 3561149 3924185 4321200 329196 -
dimer
Am 7461374  3127+1056 338+127 - - 285176 244141

chain B
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Figure S11. Distribution of pockets grouped by force fields, data collected from holo simulations. Pockets are
named as depicted in Figure 7 in the main text.
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Figure S12. Distribution of pockets grouped by force field, data collected from holo simulations. Pockets are
named as depicted in Figure 7 in the main text.



Figure S13. Example for a merged pocket along the domain interfaces in apo simulations (cyan surface). ATP
(sticks) and ssRNA (cartoon) are included as visual aid for determining protein orientation.



Allosteric Pockets
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Figure S14. Allosteric pockets and residues near them. Sidechains within 4 A of the pocket are depicted as
sticks.



Supplementary Note 5: Correlation of Trajectory Features and
Pockets

We defined residue-residue distances by the shortest non-hydrogen distance between the two
residues. To filter for contacts that are producing significant variations in the trajectory, we selected
those distances that are below 4.5 A in 40-60% of the trajectory. These interactions were tested
against the pocket volume data for correlation defined by Pearson’s coefficient. Distances presented
in Figure 9 of the main text were selected according to the high correlation/anti-correlation to the
pocket data.

Table S6. Tables showing the Pearson Correlation Coefficient (PCC) between the pocket size (columns) and the
obtained inter-atomic distances or Principal Components (rows) for each simulation type (top left cell). PCC
values range from -1 to 1. Cells are colored accordingly, with blue cells indicating a positive value/correlation,
white meaning little relation is seen between the quantities, and red showing a negative correlation.

AMBER Monomer RecA2p1 RecA2p3 Stalk

Distance 169:209 0,093 -0,045 -0,013
Distance 180:214 -0,026 0,073 -0,024
Distance 203:534 -0,165 -0,054 0,006

Distance 209:167 0,116 -0,037 -0,030
Distance 209:175 0,087 -0,046 -0,051
Distance 251:275 -0,095 -0,033 -0,034
Distance 275:254 -0,124 -0,053 -0,050
Distance 281:430 -0,162 -0,090 -0,062
Distance 283:463 0,006 0,089 -0,049
Distance 285:463 -0,012 0,085 -0,058
Distance 289:440 0,134 -0,015 -0,032
Distance 290:319 0,089 0,058 0,031

Distance 291:318 0,083 0,065 0,031

Distance 294:319 0,041 0,025 -0,013
Distance 301:254 -0,219 -0,065 -0,038
Distance 303:255 0,222 0,030 -0,013
Distance 314:539 -0,129 -0,019 -0,027
Distance 340:183 0,186 0,029 0,064

Distance 342:216 -0,022 0,096 0,013

Distance 34:37 -0,014 -0,090 0,059

Distance 377:311 -0,063 -0,083 0,001

Distance 410:182 0,236 -0,018 0,055

Distance 42:62 0,087 -0,027 0,224

Distance 449:589 -0,039 -0,019 0,011

Distance 452:456 -0,150 -0,047 -0,102
Distance 453:567 -0,018 -0,012 0,103

Distance 457:454 0,032 -0,002 -0,100
Distance 458:454 -0,005 -0,004 -0,113
Distance 463:288 0,060 0,086 0,005

Distance 466:443 -0,073 0,085 -0,039
Distance 470:447 -0,189 -0,071 0,002

Distance 473:574 0,063 -0,040 -0,012
Distance 475:576 0,229 0,053 0,032

Distance 475:580 0,117 0,049 0,052

Distance 476:501 0,282 0,061 -0,043
Distance 476:575 0,273 0,050 -0,014
Distance 489:486 0,134 0,010 0,119

Distance 490:552 0,144 0,097 0,009
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0,166 0,318 -0,321 0,087 0,039 0,033
0,184 0,203 -0,331 0,025 0,046 -0,032
-0,052 0,088 0,078 0,281 0,025 -0,001
0,200 0,165 -0,329 0,056 0,053 0,002
0,005 0,034 0,019 -0,019 -0,002 -0,108
0,129 0,131 -0,291 0,059 0,061 -0,016
0,193 0,143 -0,204 -0,005 0,086 -0,033
-0,059 0,367 0,107 0,314 0,067 -0,032
0,030 0,055 -0,016 -0,011 0,005 0,135
0,087 -0,094 0,215 0,049 -0,005
0,246 0,182 -0,046 0,051 0,040 0,036
0,163 0,200 -0,338 0,004 0,043 0,008
ATP RNA RecA2p 3 BD
0,014 0,044 -0,032 -0,028 0,185
0,205 0,256 0,083 -0,036
0,203 0,235 0,073 -0,037
-0,182 -0,297 -0,122 0,044
-0,270 0,254 -0,243 -0,058 -0,050

-0,244 0,113 0,023

-0,275 0,122 0,015
-0,187 -0,316 -0,142 0,050
-0,252 0,280 -0,306 -0,075 -0,027
0,174 0,280 0,092 -0,035
-0,186 -0,136 0,053
-0,192 -0,348 -0,139 0,051
-0,188 -0,343 -0,130 0,057
-0,168 -0,332 0,115 0,070
-0,222 -0,352 -0,143 0,044
0,127 -0,256 0,272 0,174 -0,064
0,112 -0,183 0,262 0,184 -0,046
0,108 0,175 0,200 -0,053
0,154 0,117 -0,043
0,170 -0,339 0,133 -0,045
0,206 0,125 -0,051
0,156 -0,275 0,150 -0,032
-0,165 0,259 -0,280 -0,164 0,073
-0,224 -0,344 -0,123 -0,006
-0,280 -0,266 -0,136 0,000
-0,290 0,287 -0,138 -0,080 -0,043
-0,035 0,053 0,080 0,179 -0,035
0,174 -0,159 0,034 -0,133 0,068
-0,256 0,288 -0,204 -0,056 -0,049
0,176 -0,295 0,115 0,034
0,068 0,041 0,128 -0,024 0,075
0,185 0,292 0,126 -0,035
-0,168 -0,290 -0,138 0,069
0,292 0,226 0,084 -0,032
0,149 -0,307 0,174 -0,041
0,131 -0,261 0,160 -0,049
0,194 -0,321 0,119 -0,014
0,119 0,253 -0,286 0,176 0,051
0,081 -0,102 0,200 0,121 -0,072
-0,194 -0,240 -0,129 0,028
-0,285 0,172 0,217 -0,036 -0,048
-0,288 -0,330 0,125 0,038
-0,166 0,257 -0,320 0,144 0,069
-0,005 0,022 -0,019 -0,008 0,091
0,155 -0,239 _ 0,233 -0,055
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Distance 135:23
Distance 13:94
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Distance 180:534
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Distance 286:568
Distance 287:568
Distance 334:351
Distance 345:359
Distance 357:301
Distance 377:401
Distance 391:367
Distance 39:112
Distance 3:46
Distance 3:47
Distance 411:424
Distance 417:557
Distance 41:112
Distance 444:287
Distance 461:464
Distance 474:589
Distance 475:592
Distance 476:583
Distance 483:486
Distance 489:484
Distance 50:93
Distance 516:551
Distance 517:557
Distance 521:534
Distance 554:557
Distance 555:559
Distance 556:415
Distance 558:551
Distance 558:552
Distance 579:582
Distance 579:583
Distance 580:550
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Distance 82:68
PCA 1
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Distance 434:459
Distance 379:428

Distance 113:39

CHARMM Dimer A

-0,040 0,013 0,072 -0,185 0,072
0,001 -0,136 0,071 -0,073 -0,047
0,165 0,116 -0,047
-0,283 -0,120 0,047
\ 0,147 -0,046
ATP RNA RecA2p1 Stalk ZBD
0,023 0,058 0,060 0,117 -0,002
0,062 0,322 0,291 0,088 0,037
0,040 -0,183 -0,187 -0,088 -0,004
0,043 0,242 0,233 -0,054 0,087
0,018 0,057 0,098 0,098 0,044
\ -0,026 0,071
-0,157 -0,301 -0,356 -0,036 0,009
0,055 0,193 0177 -0,111 -0,034
-0,168 -0,372 0,009 -0,023
0,077 0,074 0,166 0,013 0,057
0,080 0,189 0,066 0,007 -0,060
0,072 0,074 0,192 -0,066 0,059
\ -0,016 0,040
\ 0,000 0,022
\ -0,008 0,044
\ -0,022 0,037
0085|0007
\ -0,039 0,045
-0,010 -0,003 -0,036 -0,082 -0,011
0,020 0,086 0,051 0,155 0,010
\ -0,010 0,109
0,021 0,133
| 0,034 -0,046
\ 0,022 -0,039
0,008 0,123 0,039
-0,155 \ 0,056 -0,029
-0,151 \ 0,035 -0,028
| -0,016 0,044
\ 0,003 0,015
\ -0,024 0,047
| 0,024 -0,044
\ -0,018 0,025
0,034 0,060 0,035 0,044 0,060
-0,170 -0,244 -0,349 0,006 -0,019
0,397 0,026 0,014
0,323 0,046 0,057
\ -0,016 0,021
\ -0,006 0,021
0149 [-04%4 | 0,031 0,032
\ -0,022 0,025
\ -0,013 0,020
\ -0,043 0,037
\ -0,028 0,035
\ 0,028 -0,030
\ 0,020 -0,051
0020 | 0058
\ 0,050 -0,043
0089 | 0037
\ -0,009 -0,044
0,016 | 004
ATP RNA RecA2p1 RecA2p2 RecA2p3 Stalk ZBD
0,005 -0,076 0,005 -0,026 0,013 ]




-0,009 -0,025 -0,050 -0,085 -0,065
0,028 -0,001 -0,062 -0,083 -0,061

-0,007 -0,014 -0,101 -0,178 0,011

-0,037 -0,077 -0,020 -0,016 -0,096 0,200

0,026 -0,042 -0,036 0,051 0,116 -0,251

-0,024 0,093 -0,021 0,111 0,192 -0,079

-0,053 -0,064 -0,094 -0,147 -0,021

0,001 0,023 0,058 0,100 0,095

-0,044 0,149 -0,031 0,050 0,012 -0,207

0,024 -0,251 0,054 -0,068 -0,079 0,224

0,045 -0,234 0,084 -0,082 -0,129 o287 | ]
0,030 0,071 -0,027 0,182 0,226 -0,108

0,108 0,106 -0,028 0,143 0,095 0,006

0,105 -0,120 -0,043 0,160 0,271 -0,073

-0,075 0,082 -0,240 0,025 0,069 -0,079

-0,034 -0,234 0,186 -0,076 -0,076 0,238

-0,032 -0,079 0,115 -0,158 -0,055

-0,001 -0,233 -0,103 0,184 0,199 -0,002

-0,036 -0,014 -0,102 -0,150 -0,061

-0,101 0,031 -0,198 -0,024 -0,001 -0,084

0,022 -0,228 0,174 -0,051 -0,099 o209 |
-0,030 -0,213 0,202 -0,051 -0,051 0,157

-0,120 0,066 -0,153 -0,060 -0,071 0,101

0,031 -0,143 0,204 0,032 0,073 0,023

0,001 -0,065 -0,163 0,148 0,243 -0,171

-0,051 -0,224 0,200 -0,065 -0,073 0,174

0,008 -0,193 0,183 -0,075 -0,069 0,211

0,040 -0,159 0,201 -0,069 -0,045 0,078

0,139 -0,080 -0,016 0,084 0,116 -0,040

0,132 -0,039 0,028 0,063 0,045 -0,021

0,043 0,028 0,211 0,041 0,065 -0,077

-0,022 -0,019 0,224 -0,016 0,030 -0,062

0,020 -0,045 0,211 -0,030 0,022 -0,005

-0,139 0,060 -0,052 -0,011 0,064 -0,150

0,139 0,208 0,056 -0,007 -0,024 -0,059

-0,014 -0,220 0,002 0,154 0,204 0,154

-0,181 -0,194 0,124 -0,024 0,024 0,160

-0,206 -0,157 0,156 -0,034 0,000 0,093

-0,104 0,020 0,075 -0,141 -0,143 0,087

0,107 0,046 0,113 0,158 0,245 0177

0,076 0,050 -0,107 0,214 0,265 -0,169

0,123 -0,029 0,009 -0,073 -0,084 -0,051

0,101 0,116 -0,119 0,220 0208 [-0217

-0,128 0,062 -0,126 -0,044 -0,035 -0,056

0,026 0,065 -0,026 0,024 0,125

0,027 0,073 -0,040 0,011 0,131

0,022 -0,051 -0,049 -0,133 -0,029

-0,144 -0,026 -0,097 0,020 0,063 -0,187

-0,076 -0,111 0,217 -0,113 -0,162 0,120

ATD AN A RacA o RecA 3 BD
-0,009 -0,511 -0,270 -0,228 -0,011 0,291
-0,134 0,005 -0,161 -0,113 -0,138 0,072
0,053 0,344 0,198 0,156 0,047 -0,222
-0,008 -0,289 -0,259 -0,015 0,233
-0,143 0,075 -0,032 -0,024 -0,140 0,132
0,117 0,053 -0,096 -0,076 -0,119 0,029
-0,149 0,021 -0,127 -0,089 -0,151 0,110
-0,056 -0,396 -0,227 -0,194 -0,057 0,311




Distance 290:285
Distance 338:348
Distance 341:344
Distance 406:567
Distance 423:119
Distance 444:288
Distance 445:288
Distance 449:469
Distance 451:443
Distance 466:443
Distance 491:488
Distance 492:488
Distance 493:519
Distance 493:550
Distance 4:15
Distance 507:510
Distance 508:544
Distance 538:312
Distance 548:493
Distance 556:581
Distance 563:406
Distance 577:581
Distance 578:581
Distance 580:584
Distance 99:96
PCA 1

PCA 4

Distance 3:46
Distance 286:406
Distance 42:62
Distance 533:536
Distance 465:451
Distance 436:439
Distance 585:453
Distance 533:542
Distance 571:447
Distance 283:403
Distance 270:440
Distance 450:573
Distance 293:438
Distance 570:445
Distance 26:15

0,194 0,049 0,158 -0,029
0,092 0,075 0,018 -0,208
-0,016 -0,031 -0,063 -0,140
-0,302 -0,238 -0,111 0,157
0,211 0,162 0,047 -0,218
-0,278 -0,247 0,011 0,186
-0,131 -0,137 -0,044 0,177
-0,098 -0,144 -0,035 0,098
0,023 -0,008 -0,005 -0,157
-0,244 -0,109 -0,135 0,115
0,241 0,228 0,049 -0,048
0,199 0,239 0,059 -0,064
0,255 0,239 0,070 -0,016
0,135 0,243 0,085 -0,196
-0,072 -0,056 -0,121 0,081

0,306 0,187 0,092 -0,091
-0,278 -0,182 -0,119 0,130

-0,301 -0,230 -0,102 0,238

0,277 0,300 0,058 -0,074
0,159 0,146 0,105 -0,199
-0,280 -0,227 -0,065 0,085

0,331 0,243 0,059 -0,183
0,120 0,114 0,050 -0,213
0,302 0,201 0,089 -0,220
-0,259 -0,210 -0,114 0,314

-0,183 -0,145 -0,080 0,228

0,289 0,167 -0,037 -0,129
0,011 0,002 -0,068 0,156

-0,250 -0,194 -0,089 0,155

-0,250 -0,197 -0,093 0,153

-0,024 -0,118 -0,007 0,153

-0,003 0,034 0,046 -0,153
0,048 -0,002 -0,005 -0,153
0,064 0,041 0,010 -0,151
-0,274 -0,179 -0,104 0,150

0,044 0,072 0,101 -0,149
0,112 0,048 0,051 -0,148
0,077 0,014 0,016 -0,145
-0,078 -0,021 0,068 -0,143
-0,136 -0,100 0,025 0,143

-0,050 -0,034 0,063 -0,143
0,116 0,122 0,089 -0,142
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