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ABSTRACT: Eukaryotic precursor-messenger RNAs (pre-mRNAs) undergo extensive compositional pre-processing to be-
come mature, protein-coding, mRNAs. Among the vital transformations underlying pre-mRNA maturation the 3’-end pro-
cessing machinery (3EPM) orchestrates 3’-end pre-mRNA cleavage via a yet elusive catalytic mechanism. Here, all-atom sim-
ulations of a 350,000 atoms model of 3EPM disclose that its catalytic engine, the CPSF73 endonuclease, cleaves the 3’-end of
pre-mRNA via an associative two-Zn?*-ions aided mechanism, where the metals, beside activating the nucleophile and stabi-
lizing the transition state, as in canonical two-Mg?2*-ions catalysis, assist the leaving group’s protonation. In spite of the dis-
tinctive metal type content, an in depth structural and mechanistic inspection of two-Zn?*-ions versus two-Mg?*-ions depend-
ent nucleases unlocks striking similarities between the expanded positive charge of their catalytic motifs, with the metals
being assisted by second-shell basic residues/ metal ions. This catalytic architecture, hence, emerges as a critical prerequisite
for a common and effective mechanism of phosphodiester bond hydrolysis in nuclease enzymes. Ostensibly, our outcomes
unveil the salient molecular traits of 3EPM mechanism, providing tantalizing opportunities to harnessing this emerging drug

target to fight the wide variety of human diseases associated with a deregulated pre-mRNA processing.
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INTRODUCTION

Most eukaryotic messenger RNA precursors (pre-mRNAs)
require extensive compositional remodeling to be con-
verted into mature, protein-coding mRNAs.! Among the es-
sential manipulations underlying pre-mRNA maturation,
the 3'-end cleavage and polyadenylation of pre-mRNA are
critical processes for proper nuclear export, stability, trans-
lation of mRNAs, and for transcription termination of RNA
polymerase II (Pol II).2 The 3’-end processing of the three
major classes of RNA Pol II transcripts (i.e. polyadenylated
mRNA, histone mRNAs, and small nuclear RNA) is per-
formed by three different machineries that share common
structural and catalytic features.?

Recently, a cryogenic electron microscopy (cryo-EM)
structure of the whole human histone pre-mRNA 3’-end
processing machinery (3EPM) has provided ground-break-
ing information for dissecting the molecular terms of 3’-end
cleavage of pre-mRNA.3 This structure has elucidated an en-
tangled protein/RNA network composed by nine proteins,
among which the 73-kDa subunit of cleavage and polyad-
enylation specific factor (CPSF73), which is the catalytic en-
gine for the 3’-end cleavage of pre-mRNA, and two RNA fil-
aments: the histone pre-mRNA substrate and the U7 small
nuclear (sn) RNA.3 CPSF73 is a specific endonuclease be-
longing to the 3-CASP family, composed by a 3-CASP and a

metallo-f-lacamase (MBL) domain, with only the latter be-
ing endowed with two-Zn?*-ions dependent nuclease catal-
ysis, at variance to most RNA and DNA processing en-
zymes/ribozyme, which, instead, rely on an extensively
characterized two-Mg?*-ions aided mechanism to perform
this function.*8 The striking relevance of pre-mRNA 3’-end-
processing is emphasized by the implications of its de-reg-
ulation into a wide variety of human diseases, including en-
docrine disruption, early-onset of myopia, acute myeloid
leukemia and Ewing’s sarcoma.’1* Accordingly, CPSF73 has
been recognized as an emerging drug target for anti-can-
cer,'2 anti-inflammatory'3 and anti-protozoal therapies.'* In
this scenario, an atomic-level dissection of its catalytic
mechanism may foster the development of novel cutting-
edge therapeutic applications.

In this study, we resolved the mechanistic intricacies of
3’-end-processing of pre-mRNA in metazoans trough classi-
cal and quantum-classical (QM/MM) molecular dynamics
(MD) simulations, in combination with enhanced sampling
methods. Our findings unlock how CPSF73 promotes pre-
mRNA 3’-end cleavage via the tripartite charge architecture
of an expanded two-ZnZ*-ions motif that neatly emulates the
mechanism of two-Mg?*-ions aided nucleases.!®



Figure 1. A) Model of human histone pre-mRNA 3’-end processing machinery built on the cryo-EM structure (PDB id: 6V4X). Proteins
SmD3 (yellow), SmB (brown), Lsm10 (magenta), Lsm11 (pink), SmE (light brown), SmF (green), SmG (violet), CPSF100 (cyan),
Symplekin (white), and RNAs U7 snRNA (red) and pre-mRNA (light green) are depicted as cartoons, whereas CPSF73 is shown as
transparent gray surface with enclosed ice-blue cartoons. Zn2+ ions are represented as gray spheres. B) Inset of the catalytic site
featuring the Zn2+ ions, labelled as M1 and M2, shown as gray van deer Waals spheres, the pre-mRNA strand, the hydroxide nucleo-
phile, the residues coordinating the metal ions, and His396, shown in licorice and colored by atom name. Carbon atoms of the pre-
mRNA are shown in green and cyan for the 5’- and 3’- end of the pre-mRNA, respectively.

RESULTS AND DISCUSSION

Classical and quantum classical (QM/MM) molecular dy-
namics (MD) simulations were done on an explicitly solv-
ated model system (350,000 atoms) of human 3EPM ex-
tracted from its cryo-EM structure (PDB id: 6V4X).? Our
model accounts for the entire resolved structure, encom-
passing the SmD3, SmB, Lsm10, Lsm11, SmE, SmF, SmG,
CPSF73, CPSF100 and Symplekin proteins, the U7 snRNA
and pre-mRNA strands, and two Zn?* ions (Figure 1 and Ta-
ble S1 of Supporting Information (SI)). Since the predicted
pKa value of Glu204 for the starting structure of the apo
(Zn?+ free) form of the protein was 7.85, which is only
slightly higher than the physiological pH, we considered
two models: one in which Glu204 is deprotonated (Glu204-
1), and a model in which Glu204 is neutral (Glu204°).

After initial equilibration by the classical MD (~ 200 ns)
simulations using the Amber ff14SB force field (FF) for pro-
teins!® and ff99+bsc0+xOL3 FF for the RNA strands'’ (see
Computational Details), each model system was relaxed via
QM/MM MD with the QM part treated at the DFT-BLYP18
level of theory, similarly to previous studies.9-2

Our simulations reveal that the two catalytic Zn2?*ions co-
ordinate the ORP and OsP oxygens of the scissile phosphate,
while histidine residues (His71, His73, His76, His158 and
His418) and aspartate (Asp75) complete their plastic coor-
dination spheres as in MPL enzymes (Figures 1 and S1).3-4
Aiming to exhaustively assess the catalytic mechanism, we
first placed a water molecule in the position of the oxygen
atom, which in the cryo-EM structure bridges the two Zn?*

ions.3 In the model with deprotonated Glu204 (Glu204-1),
the flanking hydrogen (H-) bonding residues Asp179 and
His396 were both in ionized states (Asp179-1 and His396*1).
After having equilibrated the system by classical MD and
QM/MM MD simulations, we observe the spontaneous
formation of a bridging hydroxide, with the water proton
being transferred to His71 and ultimately to Asp179 (Figure
S1 and Movie S1). This occurs within the first ps of the
QM/MM MD simulation due to the strong Lewis acid
character of Zn?* ions.?2?2 Conversely, the H-N6@His396 is
shared with Oe@Glu204, being mostly localized on the lat-
ter. (Figure S2A),

We equilibrated this newly formed reactant state with
200 ns of classical and subsequently with ~10 ps of QM/MM
MD. As a result, the catalytic site is poised for catalysis with
the bridging hydroxide ion (i.e. the putative nucleophile)
placed at an optimal distance and orientation to attack the
scissile phosphate P@C1 atom, whereas the leaving 03 @A-
1 atom of the substrate hydrogen (H-)bonds to a HeN-
His396, which may therefore act as a general acid.
Remarkably, after the classical and QM/MM MD
equilibation the newly acquired H-OeAsp179 engages an
hydrogen (H-)bond with 0e2@Glu204, with proton being
shared, but mostly localized on 0e1@Asp179. As well, the
H-NS8@His396 is shared with Oe@Glu204, being mostly lo-
calized on the former (Figure S2B). This reactant (R) state
is quite similar to the experimentally determined structure,
differing from it only in the orientation of the sidechain



oxygens of Asp179 and Glu204 residues and the of M1 Zn?*
ion (Figure S3).

We next simulated the 3’-end pre-mRNA cleavage
reaction by performing QM/MM MD free energy
simulations with thermodynamic integration (see
Computational Details). The nucleophilic attack of the Onuc
atom of the hydroxide ion to the P@C1 atom of scissile
phosphate was accomplished by exploiting a reaction
coordinate (RC) based on the difference between the
distances of the forming (Onuc@OH- - P@C1) and the
breaking bonds (P@C1 - 0¥@A-1), distributed over 18
windows. As a result, 3EPM promotes pre-mRNA cleavage
through the following steps: (i) at the reactant (R) state the
hydroxide ion lies at a distance of ~ 3.30 A from the scissile
phosphate P@C1, at ~ 2.0 A distance from both Zn?* ions,
and the ORr and OSP@C1 are bound by the Zn?* ions M1 and
M2, respectively; (ii) The proton transfer (PT) from an
ionized His396 to O¥@A-1 oxygen of the leaving group
starts occurring just before the transition state (TS) is
reached (Figure 2); (iii) At the TS, the forming (Onuc@OH- -
P@C1) and breaking bonds (P@C1 - 0¥@A-1) display
approximately the same lengths (~2.2 A) and the
nucleophile coordinates both Zn?* ions; (iv) After the TS, the
hydroxide ion loses its coordination to M2, and (v) the
proton transfer from Ne@His396 to the 03'@A-1 ends
when the product (P) starts forming (Figures 2-3, Figure S4
and Movie S2), in line with an associative mechanism
(Figure S5). Interestingly, the H-Ne@His396 is shared with
Glu204 along the reaction coordinate, being fully
transferred to Ne@His396 after the reaction has occurred
(Figure S6). We remark that this mechanism is different
from the water-mediated pre-mRNA dissociative
mechanism observed in group II intron ribozyme and in
first transesterification step mediated by the spliceosome,
where a dissociative pathway is operative.?0.23

The Zn?* jions coordination sphere is rather plastic, being
endowed with four ligands for most of the simulation time,
except in proximity of the TS, where the metals adopt five-
coordinated configuration (Figure S7 and Table S2).
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Figure 2. (A) Snapshot of the reactant state showing the defi-
nition of the critical bond distances. The Zn2+ions are shown as
gray spheres and labelled as M1 and M2. RNA is represented in
licorice with green and cyan carbon atoms in the 5’- and 3’- end
of the pre-mRNA, respectively. The protein is depicted as gray
transparent cartoons, the general acid (His396) is shown in
balls and sticks, while the surrounding residues are repre-
sented as lines. (B) Evolution of selected critical bond distances
along the reaction coordinate. (C) Helmholtz free energy profile
(AF [kcal/mol]) calculated from thermodynamic integration at
the DFT-BLYP24 level with a mixed double zeta/plane wave ba-
sis sets and Amber ff14SB/ff99+bsc0+x0L325 level for the QM
and MM part, respectively. The areas corresponding to the re-
actant (R), transition state (TS), proton transfer (PT) and prod-
uct (P) states are highlighted in blue, red and blue, respectively.
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Figure 3. Representative snapshots of the reactant (R), transi-
tion state (TS) and product (P) structures of the 3'-end pre-
mRNA processing reaction from a front and side point of view.
The carbon atoms of the 5’- and 3’-end of pre-mRNA are de-
picted in green and cyan, respectively; His396, Glu204 and
Asp179 residues are shown in licorice, key hydrogen atoms and
Zn2* jons are shown in white and in gray spheres, respectively.
The other ligands coordinating the metals are shown as lines.
Dashed lines depict the coordination of Zn2+ ions with the scis-
sile phosphate oxygens O and ORp, and with Asp179.

The reaction occurs with a Helmholtz free energy barrier
(AF#) of 20.3 £ 1.9 kcal/mol (Figure 2C), as calculated via
the blue moon ensemble method.?¢ To our knowledge, the
experimental catalytic rate of CPSF73 endonuclease of
3EPM has not yet been hitherto reported. Nevertheless, the
experimental catalytic rate for ribonuclease Z, sharing with
CPSF73 a nearly identical catalytic architecture,*?7 is of 7.8
min-1. This corresponds to a AF# of 18.7 kcal/mol, which is
fully consistent with the AF# calculated here.

In order to inspect whether the thermodynamic integra-
tion calculations may have led to an over/underestimation
of AF* owing to the choice of a monodimensional RC, we per-
formed QM/MM metadynamics simulations?® using two re-
action coordinates (also referred as collective variables
(CVs)). Here CV1, defined as the difference of the forming
(Onuc@OH- - P@C1) and the breaking bond (P@C1 - O @A-
1) distances, corresponds to the reaction coordinate used in
the thermodynamic integration calculations, thus account-
ing for the nucleophilic attach of the hydroxide ion on the
scissile phosphate. Conversely, CV2, defined as the distance

from the His396 proton to 03’@A-1 (H-Ne@His396 - 03 @A-
1), accounts for the proton transfer from the general acid to
the leaving group. Remarkably, metadynamics simulations
showed that the two CVs are partially interdependent, lead-
ing to a AF* of ~ 18.0 + 2.2 kcal/mol (Figure 4), in excellent
agreement with experimental catalytic rate of ribonuclease
Z (AF* of 18.7 kcal/mol).?”
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Figure 4. Free energy surface obtained from QM/MM
metadynamics simulation showing the progress of reaction
from reactants (R) via transition state (TS) to products (P). Col-
lective variable 1 (CV1) denotes the nucleophilic attack on scis-
sile phosphate, while CV2 accounts the proton transfer from H-
Ne@His396 atom to the O¥@C-1 of the leaving group. De-
picted are (A) CV1 versus CV2, where the free energy corre-
sponds to the color bar, and (B) projection of the free energy
(kcal/mol) vs CV1.

Although being transition metals, the zinc ions have been
shown to form ionic bonds, thus subtracting charge density
to coordinating ligands, suitably polarizing the reactants,??
and stabilizing the TSs. Consistently, in CPSF73 the analysis
of the dynamical RESP charges?® along RC reveals a de-
crease of the Onc@OH- charge as the nucleophile ap-
proaches the TS, owing to its persistent interaction with the
metal ions and the incipient formation of its bond with the
scissile phosphate. Complementarily, the
Ne@His396/03@C-1 charge decreases/increases near the
TS, indicating the stabilization of the leaving group by
His396 (Figure S8). At the TS, H-N6@His396 engages in an
extended H-bond network, involving Glu204 and H-
0el1@Aspl79 (Figure S6), which ultimately coordinates the
M2 Zn?* jon with its 0e2@Asp159 atom. Strikingly, this



metal appears to aptly act as an electron sink, contributing
to activate of the general acid via this extended H-bond net-
work.

In this catalytic mechanism Glu204 takes an active role in
orienting the general acid His396, and, by H-bonding to the
Zn?+* (M2)-coordinated Asp179 residue, it even contributes
to polarize and increase the acidity of His396 (the general
acid) (Figure 3). This is consistent with mutational studies
pinpointing the vital role of the conserved His396 and
Glu204 residues for CPSF73 catalysis.3031-32

To further assess the importance of the Glu204 and
His396 residues we also considered them in neutral form
(Glu204° and His3969) in the second model. Moreover, we
assumed that a pre-activated hydroxyl nucleophile initially
binds the Zn?* ions, diffusing from the bulk water. As a re-
sult, Asp179 remains in its deprotonated form. We thus in-
vestigated the 3’-end cleavage reaction mechanism consid-
ering this second set of protonation states (i.e. Glu204¢9,
Asp179-1 and His396°). Even in this model, a proton is
shared between Oe@Glu204 and N6@His396 (Figure S2C),
being now prevalently localized on the first. Nevertheless,
due to the presence of an ionized Asp159-1, the extended H-
bond network, heading from His396 towards Zn%* M2,
breaks. As a result, His396 can no longer effectively proto-
nate the leaving group (Figure S9). This leads to a significant
increase of the AF* reaction to 31.7 + 2.3 kcal/mol (Figures
S9A and B), further providing a rationale for the experimen-
tally observed critical role of Glu204 in the CPSF73 cataly-
sis.+33

Stunningly, at variance to most DNA/RNA processing en-
zymes featuring a two-Mg?*-ions motif, the $-CASP nucle-
ases encompass a two-Zn?*-ions catalytic scaffold, typical of
ML enzymes, and commonly exploited to cleave the (-lac-
tam moiety of antibiotics. It is therefore unclear why
CPSF73 rely on this rather atypical catalytic motif to per-
form RNA cleavage. It has been proposed that the CPSF73
scaffold, composed by the 3-CASP and MBL domains, is in-
strumental to selectively recognize the 3’-end of pre-
mRNA.2 The use of a MBL domain may therefore be dictated
by structural/selectivity requirements. Nevertheless, the
MBL’s active site is endowed with several histidine residues,
which impose the recruitment of Zn2* ions due to the ex-
traordinary histidine’s affinity towards this metal ion (see
the analysis of metal binding sites in enzymes in Figure
$10). In this scenario, it is tempting to suggest that CPSF73,
after having selectively recognized pre-mRNA, adapts to ef-
ficiently perform its 3’-end cleavage trough a two-Zn?*-ions
aided catalysis.

In spite of the different metal type content, astonishing
commonalities appear between two-Zn?*/Mg?*-ions de-
pendent nucleases. Ostensibly, although being transition
metals, the Zn2+ions have been demonstrated to establish
mostly ionic bonds, with the coordination bonds character
being contributed by the 4s orbitals.3* Hence, their geome-
try and coordination number are prevalently imposed by
the protein environment.3> This provides a rationale for the
plastic Zn?* ions coordination sphere observed in CPSF73,
which partially resembles that of two-Mg?*-ions aided en-
zymes. Nevertheless, the stronger Lewis acid character?? of

Zn?* ions (Zn?* have a lower positive charge compared to
Mg?* ions, i.e. Zn?* ions have 0.2-0.7 e in CPSF73 (Figure S8)
compared to 0.75-0.9 e of Mg?* ions in spliceosome?1-22)
triggers the formation of a bridging hydroxide nucleophile,
resulting into a distinctive catalytic architecture from most
DNA/RNA processing enzymes.5 In $-CASP nucleases, the
metals bind the 05 and ORr oxygens of the scissile phos-
phate, rather than sharing a bridging OSP oxygen as in two-
Mg?*-ions aided nucleases, assuming an average inter metal
distance of ~3.8 A as compared to ~4.5 of the Mg?* ions en-
zymes. In spite of these structural differences, the two-Zn?*-
ions in B-CASP nucleases activate the nucleophile, stabilize
the reactant and the transition state, as in the general two-
Mg?+-ions catalysis.?315 Additionally, one metal also acts as
an electron sink, assisting the protonation of the leaving
group via a sophisticate H-bond network, which from a Zn?*
(M2)-coordinating residue (Asp179) heads to the general
acid. Most importantly, the two-Zn2*-ions architecture of
CPSF73, expanded by the positively charged His396 resi-
due, fits within an enlarged two-Mg?*-ions catalytic scaffold,
where the metals are complemented by nearby second-
shell basic mono/divalent ions20-21.36-37 and/or residues
(Figure 5).38 Indeed, emerging evidences pinpoint that a va-
riety of nucleic acid processing enzymes, previously be-
lieved to rely on pure two-Mg?*-ions catalysis,3°43 harbor at
least an additional functionally relevant positive charge,
thus sharing with CPSF73, and other two-Zn?*-dependent
nucleases, an alike expanded positively charged catalytic ar-
chitecture (Figure 5).
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Figure 5. Schematic presentation of the positively charged
hotspots in metallo-dependent nucleases relying on (A) a two-
Zn2+-jons motif and an ionized histidine and (B) on a two-Mg2+-
ions motif and additional positively charged metals (M’ and/or
M”) or protein residues. Nuc denotes the nucleophile.

CONCLUSIONS

In conclusion, our outcomes resolve the mechanistic intri-
cacies underlying 3’-end processing of pre-mRNA in meta-
zoans, disclosing that CPSF73 effectively promotes 3’-end
pre-mRNA hydrolysis via an associative two-Zn?*-ions
aided mechanism, featuring a proton transfer from the
His396 to the leaving group. The zinc ions, besides activat-
ing the hydroxide nucleophile and acting as a molecular
slingshot to promote its attack, and stabilizing the TS, fulfill
the unprecedented role of assisting the protonation of the
leaving group via a sophisticate H-bond network heading
from a Zn?*-coordination ligand to the general acid. Stun-
ningly, a detailed structural and mechanistic inspection of
two-Zn?*-ions and two-Mg?*ions dependent nucleases illu-
minate astonishing commonalities between the expanded
positive charge architectures of the two enzymatic families,



evoking a common catalytic mechanism. Having CPSF73 re-
cently emerged as an appealing drug-target,? our study sets
the basis for harnessing the salient molecular traits of its
mechanism to devise cutting edge therapeutic approaches
against the variety of human diseases associated to a dereg-
ulated pre-mRNA 3’-end processing.

COMPUTATIONAL DETAILS

Structural models. All calculations were based on the
cryogenic electron microscopy (cryo-EM) structure in
which the histone pre-mRNA 3'-end processing machinery
(3EPM) from human was trapped at its pre-catalytic state
(PDB id: 6V4X).? Our models account for all the resolved
components of cryo-EM structure, namely proteins SmD3,
SmB, Lsm10, Lsm11, SmE, SmF, SmG, CPSF73, CPSF100,
Symplekin, and RNA filaments U7 snRNA and pre-mRNA,
and two Zn?* ions (Figure 1).

The protonation states of amino acids were determined
by Propka,** at physiological pH condition of 7.4. Histidine
residues, coordinating the Zn?* ions, were protonated at ei-
ther Ne2 or N61, and His396, which stabilizes the leaving
group, was instead considered in its ionized form. However,
Glu204 was predicted to have a pKa value of 7.85 in the
cryo-EM structure of 3EPM (PDB id: 6V4X) and of 7.3 in the
CPSF73 crystal structure (PDB id: 217V). Being these values
an indication that Glu204 can exist in both neutral and
deprotonated forms at physiological pH, we have built two
models considering either protonation state of Glu204.

We initially considered a deprotonated Glu204 model
(Glu204-1, Asp179-t and His396*1). In this model we placed
a water molecule in the position of the oxygen atom, which
in the cryo-EM structure bridges the two Zn?* ions. In this
first model the bridging water deprotonates during quan-
tum-classical (QM/MM) MD simulation and Asp179 ac-
quires its proton becoming neutral (Asp1799). In the second
model, we considered protonated Glu204 and a neutral
His396 (Glu204°, His396°), and Asp179 in its ionized form
(Asp179-1). In this model, we assume that a pre-activated
hydroxide diffuses to the active site from a bulk water, and
is bridging the Zn?* ions. Each model investigated was equil-
ibrated by classical and subsequent QM/MM MD simula-
tions.

Classical molecular dynamics simulations. Classical MD
simulations were performed with Amber18 PMEMD soft-
ware package*® to prepare a reactive adduct suitable to un-
dergo QM/MM MD#6-47 calculations. The AMBER-ff14SB
force field (FF)'® was employed for proteins, while the
ff99+bsc0+xOL3 FF was used for RNAs,!” since these are,
overall, still the most validated FFs for protein/RNA sys-
tems,*8-42 and showed reliable results in our previous simu-
lation studies of the spliceosome and group II Intron ribo-
zyme.2036-37 We remark that this FF has documented short-
comings, but these may not become apparent in the limited
time frame of the simulations performed in this study.50-51
Zn%* jons were described with the 12-6 L] nonbonded
model®? to account for the plastic Zn2* coordination sphere
comprising 5/6 ligands in the Cryo-EM structure and the
Na* ion parameters were taken from Joung and Cheatham

FF for monovalent ions.>3 The water molecules were in-
cluded considering the superposition of the crystal struc-
ture of human CPSF73 protein (PDB id: 217V) to the same
protein of the whole 3EPM considered here.# The system
was solvated by a 12 A layer of TIP3P5¢ water molecules
leading to a box of 135 x 198 x 149 A3 containing, besides
the proteins and the nucleic acids, two Zn?* ions and 72 Na*
counter ions counting up to 350 895 atoms (Table S1). The
positions of the Na* ions were determined on the basis of the
system’s electrostatic potential.

After the initial minimization, the system was heated up to
300K over 10 ns, while imposing positional restraints of 250
kcal/molA2 on the heavy atoms. Subsequently, restraints
were slowly removed and 200 ns of MD on the isothermal-
isobaric ensemble (NPT) ensemble using periodic boundary
condition. The temperature control (300K) was performed
by Langevin thermostat>® with a collision frequency of 1 ps-
1, and pressure control (1 atm) was accomplished by Ber-
endsen barostat.>¢ To preserve the experimentally deter-
mined geometry of the zinc coordination sphere due to the
imperfect nature of FF for transition metal ions, we applied
the distance restraints to ligand atoms of 32 kcal/molA for
M1 and M2 Zn?* ions through the whole productive MD run,
whereas all other atoms were unrestrained. The SHAKE al-
gorithm>7 was used to constrain the bonds involving hydro-
gen atoms and the particle mesh Ewald method>® to account
for long-range electrostatic interactions with a cutoff of 10
A. An integration time step of 2 fs was used.

QM/MM molecular dynamics simulations. After the ini-
tial model underwent classical MD simulations, the result-
ing structure was relaxed by means of unconstrained 10 ps
of QM/MM Born - Oppenheimer MD simulations performed
with the CP2K 6.1 program.?8 The QM region comprised the
phosphate backbone of the substrate nucleobases A-1, C1
and sugar of A-1, Zn-coordinating endonuclease CPSF73
residues His71, His73, His76, His158, His418, Asp75,
Asp179 and the leaving group stabilizing residue His396 to-
gether with Glu204, the nucleophile (water molecule or hy-
droxide ion) and two Zn?* ions (109 atoms), while the rest
of the system was treated at MM level with the same FF of
the classical MD simulations. The QM region was simulated
in a cubic box with sides of 24 A and described at the DFT-
BLYP?* level by employing a dual Gaussian-type/plane
waves basis set (GPW).>° We employed a double zeta
(MOLOPT) basis set,®0 along with an auxiliary PW basis set
with a density cutoff of 320 Ry and Goedecker-Teter-Hut-
ter (GTH) pseudopotentials.®! This level of theory has been
successfully employed in QM/MM MD simulations of bio-
molecules.*662 The valences of terminal QM atoms were sat-
urated by using capping hydrogen atoms. All QM/MM MD
simulations were performed using an integration time step
of 0.5 fs in the NVT ensemble. Constant temperature was
maintained by employing a Nosé-Hoover thermostat.®3 Dy-
namical RESP?° charges were calculated using CP2K 6.1 pro-
gram?® for each reaction coordinate and averaged over the
equilibrated part of the trajectories.

Free energy calculations



QM/MM Thermodynamic integration. The free energy
profiles were obtained by integrating the constraint force
acting along the selected distance(s) chosen as reaction co-
ordinate (RC).%* In details, Helmholtz free energy profile
was calculated with the blue moon ensemble method.?¢ The
systems were simulated for 5-7 ps for each value of the RC.
Average forces were calculated from data collected over the
last 3 ps of each trajectory, similarly to previous studies.”1%-
21 The reaction mechanism was sampled through the 18 se-
quential windows. The RC was defined as the difference of
forming (Onuc@OH- - P@C1) and breaking bond (P@C1 -
0¥@A-1) distances (Figure 2). Both, the first and second
models were simulated with the same settings as described
above. As a result, ~ 200 ps of cumulative biased and unbi-
ased QM/MM MD simulations have been done in this study.
The estimated standard error on each simulated window of
free energy profile was calculated by error propagation
analysis and overall error on the free energy barrier was as-
sessed as the sum of the standard errors of all subjected
window, as performed in previous studies. The resulting
standard deviation is consistent with other QM/MM MD
studies based on the same free energy methodology.20-21.65

QM/MM Metadynamics. The relaxed structure from 10 ps
of QM/MM MD simulations of the first model was used as a
starting point to additionally evaluate reaction mechanism
and the free energy barrier by performing metadynamics
(MTD) simulation, as implemented in the CP2K code.?8 MTD
was performed considering two collective variables (CVs);
CV1, similar to thermodynamic integration simulations,
consisted of the difference of forming bond (Onu@OH:- -
P@C1) and the breaking bond (P@C1 - 03@A-1) distances
of the scissile phosphate, while CV2 accounted the proton
transfer from the histidine to the leaving group (H-
Ne@His396 - O¥@A-1). Gaussian hills with a height of 0.6
kcal mol-! and widths of 0.40 and 0.30 A for CV1 and CV2,
respectively, were added every 15 fs. Harmonic walls be-
tween -4 - 4 A were used for CV1 and at 4 A for CV2, respec-
tively, to restrict the exploration of the free energy surface
around the reactive region. The simulation was concluded
after deposition of 823 hills, when the re-crossing event
from reactants to products and back occurred 3 times. The
standard deviation of two different time averages of the bi-
ased potential in the first and second part of the converged
interval of the MTD simulation was used to estimate the
standard error of the free energy profile.t¢
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