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Structural Models. To model the reactant state, we employed the X-ray structure of the wild-type
pre-reactive system (PDB ID 5V06)' with a resolution of 2.75 A. Notably, we removed the last three
residues (residues 355, 356 and 357) due to the fact the previous 8 residues, i.e. residues between 347
and 354, were missing from the X-ray structure. We removed also the residue 346, in order to make
the systems consistent with the product system, where the residue 346 is missing. Moreover, also the
first residue (Met1) was missing. To reproduce the wild-type structure of hExo1 in a competent state
for catalysis, the manganese ions were replaced with magnesium ions. The final structure of the wild-
type system includes residues from 2 to 346, and 4 metal ions, the two catalytic MgA and MgB, the
third ion MgC and the K* bound to the DNA and H2TH motif. In order to model the reactant system
without the presence of the third MgC in the vicinity of the terminal 5" phosphate, we manually re-

moved MgC.

From the reactant structure without the third metal ion in the vicinity of the active site, we modelled

the Glu89Ala mutant system, where the native Glu89 was replaced by an alanine.

To model the product state, we employed the X-ray structure of the cleaved system (PDB ID 5VOA)',
with a resolution of 2.38 A. We removed the last two residues, i.e. residues 355 and 356. Also, in this
structure the first residue (Met1) was missing. To reproduce the wild-type structure of hExo1 in the
product state, the Ala225 mutation and the manganese ions were replaced with the native aspartate
and magnesium ions. As for the reactant mutant system, we built the Glu89Ala mutant for the product

system. From the wild-type product structure, the Glu89 was replaced by the alanine.

Then, we modelled an additional product state, which was built using the pre-reactive crystal struc-
ture as a template, which also contains the third ion. In this model, we manually cleaved the scissile
phosphate in order to free the leaving group, and we inserted a bond between the electrophilic phos-
phorous and the nucleophilic oxygen. Finally, we also adjusted the geometry of the cleaved newly
formed 5’ phosphate, in order to have the correct geometry for a SN,-like reaction, as expected for this
two-metal-ion catalysis. As for the reactant system, the manganese ions were replaced with magne-
sium ions.

Hydrogen atoms were added to each system. Subsequently, each system was immersed in a water
box where the distance between the solute and the edge of the box was set to 12 A. To neutralize the
overall charge of the systems CI, K*, Na* and Mg** ions have been added. For all these three proce-

dures, we used the tLEAP program of the AMBER 17 package’.
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Classical Molecular Dynamics Simulations. The protocol we adopted to run classical MD simulations
was formed by two steps: i) equilibration phase; ii) production phase. For the equilibration phase, each
system for the reactant state was minimized using a steepest-descent minimization algorithm keeping
everything but the water fixed in the crystallographic position with a harmonic force constant of 5000
kJ mol nm=. Then a second minimization with the same algorithm without any restraint. This proce-
dure was adopted for the reactant state because one water molecule was missing in the first coordi-
nation shell of one of the two catalytic metal ions. For the product state the system was minimized
using a steepest-descent minimization algorithm. Then, each minimized system was heated from 0 to
310 K in 450 ps in NVT ensemble, keeping the backbone atoms and the two catalytic magnesium at-
oms fixed in their original positions, using a harmonic force constant of 5000 kJ mol™" nm=, After this,
5 ns NPT simulation was carried out at 310 K and 1 bar, maintaining backbone and magnesium atoms
constrained. Eventually, for the production phase, MD was carried out in the NPT ensemble without
any restraint. The first 50 ns of the production phase was considered as part of the equilibration and
for this reason it was discarded from subsequent analyses. A short-range neighbour list cut-off of 12 A
was used.? A Parrinello-Rahman barostat* and a velocity-rescaling thermostat® were employed with a

relaxation time 1 of 2 ps and 0.1 ps, respectively. All the snapshots were saved every 50 ps.

Confined Well-tempered Metadynamics. In the present work, we were interested to calculate the
free-energy surface (FES) for the release of the leaving group (AMP) in presence/absence of the third
metal ion. In this case, regions of the solvent box very far from the active site were of no interest. Thus,
our goal was to sample as much as possible the region where the distance between the centre of mass
(COM) of the heavy atoms of AMP and the COM of the Ca of the aspartates in the first coordination
shell of the two catalytic metal ions, was no longer than 26 A. In order to avoid sampling conforma-
tional space of no interest, we used a the metadynamics approach, with a confined procedure® already
applied by our group.® This method is based on the confinement of the single walker metadynamics
run in a specific region of the conformational space. During the well-tempered metadynamics simu-
lations, the value of the Collective Variable (CV) is checked. If the CV value is lower than a specified CV
boundary value, determining the region of interest, then that conformation is stored in a pool of
frames. When the CV value is higher, the simulation restarts from a randomly chosen conformation

among the stored (see more details in Ref.?).
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Transition State Theory. The Eyring-Polanyi equation is used to derive the rate of a chemical reaction,
from the state A to the state B (k,_,5), within the temperature T.” The equation derives from the Tran-
sition State Theory and has the following formula:
kBT _ Azl:GA—)B
kKoop =K——e RT

h

where kj is the Boltzmann'’s constant, h is the Planck’s constant, R is the gas constant, 4¥G,_, 5 is the
Gibbs energy of activation and k is the transmission coefficient that is often assumed equal to one in
order to refer to the fundamental no-recrossing assumption of Transition State Theory. The Transition
State Theory provides a simplistic view of the kinetic of the enzyme and here it is used to compare the
order of magnitude of the enzymatic turnover rate. From the experimental value of the catalyst rate
constant, k.4;,® we derived the theoretical value for the Gibbs energy of activation for the rate-deter-
mining step of the overall catalytic process using the Eyring equation. The result obtained agrees with
our estimation of the free energy barrier for the leaving group departure process, which is therefore

compatible with the overall catalytic reaction.
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PDB ID 5V0 PDB ID 5V08 | PDB ID 5V09 PDB ID 5VOA

RE

Figure S1. Simulated annealing omit map (10 contour) identifies the presence of Mc coordinated by
the terminal 5’ phosphate (PDB ID 5V06, 5V07, 5V08, 5V09) and the different orientations of Glu89 in
the pre-reactive and post-reactive states. Diffraction data were collected at 100 K at the Advanced

Photon Source or the Advanced Light Source, as reported in Shi, Y. et al (Ref. 1in SI).
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Figure S2. Time evolution of root mean square deviation (RMSD) for the backbone atoms of hExo1.
(A) Wild-type Reactant State (RSsw). The average RMSD value for the Replical is 1.02 + 0.11 A and for
Replica2is 0.99 +0.12 A A. (B) Wild-type Reactant State without the third metal ion (RS,u). The average
RMSD value for the Replical is 1.56 + 0.23 A and for Replica2 is 1.23 + 0.14 A. (C) Mutated Glu89Ala
Reactant State (RScusoni). The average RMSD value for the Replical is 1.27 +0.15 A and for Replica2 is
1.17 £ 0.15 A. (D) Wild-type Product State (PSaw). The average RMSD value for the Replical is 1.46 +
0.22 A and for Replica2 is 1.46 + 0.17 A. (E) The Product State with the third metal ion (PSsw). The aver-
age RMSD value is 1.25 + 0.15 A. (F) Mutated Glu89Ala Product State (PSciusoar). The average RMSD
value for the Replica1is 1.35 + 0.17 A and for Replica2 is1.35 + 0.21 A.
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Figure S3. Continue on the next page
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Figure S3. (A) Representation of time evolution distances between: i) the nucleophile oxygen of the
water (Onu) and the phosphorous (Pe), in red and between ii) the two catalytic magnesium ions (MgA,
MgB), in orange. Representation of time evolution of the dihedral angles (§), taken along C, Ca, CB, Cy
bonds, for the guide residues Tyr32, in blue, and His36, in green. Data are taken from the reactant
systems RSsw and RS,w. (B) Schematic representation of the distances and dihedral angles reported in

(A). The structure is taken from PDB ID 5V06.
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Figure S4. (left) Representation of time evolution distance between nitrogen atom of the terminal
amine group of Lys85 (Ns) and oxygen atom of the scissile phosphate (O2P). (right) Schematic repre-
sentation of the distance analysed. Lys85 in the last snapshot of the simulation is represented in lico-
rice (orange); the magnesium ions, the DNA nucleotides and Lys85, in the crystallographic position

(PDB ID 5V06) are represented in licorice and ball and stick, respectively (white).
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Figure S5. (Bottom) Graphs of time evolution of coordination number of the MgC ion with non-water
oxygen atoms (coloured from brown to purple, as a function of time) and the pseudo dihedral angle
(¢p) taken along N, Ca, C§, Cy bonds of Glu89. The octahedral geometry of MgC is maintained for the
entire simulation time and it is completed by water molecules. (Top) Schematic representation of the
pseudo dihedral angle () and the different positions of MgC during time, exemplified using a snap-
shot taken from RSsw simulations (the colour scheme for the MgC spheres is the same used for the

coordination number in the plots in the bottom).
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Figure S6. (left) Frequency distribution of the distance between C{in Arg96 and phosphorous in the
terminal 5’ phosphate group. Top, the frequency distribution related to the Reactant State; Bottom,
the frequency distribution related to the Product State. (right) Schematic representation of the termi-

nal 5’ nucleotide, the Arg96 and the catalytic site, taken from RSsu trajectory.
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Figure S7. (A) Schematic representation of the distance between K* ion from the solvent bulk and the
terminal 5’ phosphorous concomitant with the inner/outer flipping observed during the RS.u (Rep-
lical) trajectory. (B) Graphs of time evolution of the pseudo dihedral angle () taken along N, Ca, C§,
Cy bonds of Glu89, which describes the inner and the outer conformations and the representation of
time evolution of the distance between the monovalent ion from the solvent bulk and the terminal 5’

phosphorous. Data are taken from the RS,w system.
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Figure S8. Continue on the next page.
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Figure S8. CV1 measures the distance between the centre of mass (COM) of the heavy atoms of AMP

and the COM of the Ca of the aspartates in the first coordination shell of the two catalytic metal ions,

i.e. Asp152, Asp171 and Asp173. (A) Schematic representation of CV1, exemplified using a snapshot

taken from PS;v simulations. (B) Frequency distribution of CV1 for PSou (green), PSsu (orange), PSaiusonia

(black). (C) Time evolution of CV1 for the Product State systems, PS,w (green), PSsu (orange), PSciusona

(black).
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Figure S9. Time evolution of dihedral angle (§), taken along C, Ca, CB, Cy bonds, for the guide residue
His36 for the PSam (top) and PS;w (bottom) systems.
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Figure S10. Time evolution of root mean square deviation (RMSD) of residues 80-125 (i.e. comprising

the mobile arch), for the PSzu (left) and PSaw (right) systems.
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Figure S11. Sequence alignments of Exonuclease1 from 9 different organisms. Glu89 (blue) is strictly
conserved across exonucleases as for the basic residues in the first and second coordination shell of
MgA and MgB (light red), catalytic residues Lys85 and Arg92 (orange), guide residues, Tyr32 and His36
(green) and some of the proposed ‘steering’ residues Arg96 and Arg121. Conserved key residues are

marked with arrows.
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Figure S12. Structure alignment of the hExo1 crystal structure (PDB ID 5VOE) with the hFEN1 crystal
structure (PDB ID 5KSE). The terminal guanidine, amide and amine groups of Arg93, Asn124 (in hExo1)
and Lys132 (in hFEN1) residues are within a sphere of ~3 A.
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Figure S13. Convergence of the well-tempered metadynamics simulations for the Glu89 inner/outer
flipping in the Reactant States (A), and in the Product States (B). (C) Convergence of the confined well-
tempered metadynamics simulations for the leaving group unbinding process. Convergence was
checked considering the energy values as a function of time. From ~170 ns to ~230 ns, no significant
changes in energy for Glu89 flipping were detected. From ~2*102 steps to ~2.5%10® steps, no signifi-

cant changes in energy for the leaving group release were detected.
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Figure S14. Population of rotamers (x1, X2, Xx3) of Glu89 in RSsu, RSam, PS3sw and PSaw.
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Movie S15. This movie shows the catalytic domain of hExo1 with colours for different motifs and the
overall catalytic process of hExol. The movie is composed by multiple trajectories extracted from
force-field based MD simulations representing the recruitment mechanism of the third ion from the
bulk in the Reactant State, and trajectories from metadynamics simulations for the departure of the
leaving group from the catalytic site in the Product State. Hydrolytic incision step was inferred from

crystal structures (i.e. PDB ID 5V06, 5VOA).
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Table S16. The table summarizes all the simulations performed. Multiple replicas per system were run,

as specified in the results section of the manuscript.

System name

RSs3m
RS2m
PS2m
PS3m
RSaiussaia
PSciugoaia
RSs3m
RS2m
PS2m
PS3m
PS3m
PS2m

*Present/Absent is referring to the starting point, when the minimization step starts.

Method

Force-field MD

Force-field MD

Force-field MD

Force-field MD

Force-field MD

Force-field MD
Well-tempered Metadynamic
Well-tempered Metadynamic
Well-tempered Metadynamic
Well-tempered Metadynamic
Confined Metadynamic

Confined Metadynamic

Catalytic state

Reactant state

Reactant state

Product state

Product state

Reactant state

Product state

Reactant state

Reactant state

Product state

Product state

Product state

Product state

*MgC

Present
Absent
Absent
Present
Absent
Absent
Present
Absent
Absent
Present
Present

Absent

Mutation

NA
NA
NA
NA
Glu89Ala
Glu89Ala
NA
NA
NA
NA

NA
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