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Abstract

Combining enhanced sampling molecular dynamics simulations with dynamic QM/MM-

MD exploration of the mechanisms, we shed light at the molecular level on the matura-

tion process of 5S rRNA in B. subtilis, performed by the M5 enzyme. Providing a small

displacement of the scissile phosphate and the use of adequate force fields, the struc-

ture of the experimentally reconstructed complex is stable, with small conformational

fluctuations of the interface. Enhanced sampling is critical to reveal the full extent of

the conformational variability of the rRNA:M5 interface, which we show critically im-

pacts the active site structure by modulating the distance and orientation between key

reactive residues. This rich conformational landscape thus suggests a variety of possible

reaction mechanisms, that depend on the active site pre-organization. Comprehensive

characterization of the different possible mechanisms from each conformational basin

suggests that the most favorable reaction route would involve deprotonation of the

nucleophilic water by the active site Glu96 and reprotonation of the 3′ leaving group

by a Mg2+-bound water. Contrary to other RNases, M5 activity does not rely on a

bifurcated aspartate between the 2 active site cations, nor on the release of initially

frustrated hydration shells.

Introduction

Ribosomes are macromolecular machines composed of proteins and RNA, that translate the

genetic information contained into messenger RNA (mRNA) and perform protein synthesis.

Their synthesis and assembly dominates energy consumption in living organisms and are

subjected to strict quality control mechanisms. In bacteria, the three ribosomal RNAs

(rRNAs)—16S, 23S, and 5S— are initially produced as a single long polynucleotide (pre-

30S), which then goes through a series of maturation steps to form a fully functional ribosome

ribonucleoprotein particle.1 These maturation processes are the subject of increasing interest

as they could be involved in the regulation of gene expression and the response and adaptation
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adaptation to stress.

While the initial cleavage of the long pre-30S precursor is performed by Ribonuclease

(RNase) III,1 the following maturation steps, occuring directly on the pre-assembled ribo-

somal particle, are found to be highly dependent on the studied prokaryotic model.2 In

Firmicutes, such as Bacillus subtilis, final maturation of the 5S rRNA—shortening of its

3′ and 5′ ends—is performed by the RNase M5,3–5 a ∼190 residue enzyme composed of 2

domains separated by a flexible linker (Figure 1). While the C-terminal domain serves to an-

chor the enzyme on the rRNA, catalysis of the cleavage reaction is performed by the Toprim

N-terminal domain, shared by other endonucleases, such as DNA type II topoisomerases

and DNA repair recombination proteins RecR.6 M5, which acts as a monomer,7,8 is however

the only Toprim domain-containing enzyme known to cleave its substrate on both sides of

an RNA double stranded stem, which makes it of special interest. Previous works5,7,9 have

suggested that the cleavage occurs in two steps, starting with the removal of the 3′ extension

before reorganization of the complex to position the catalytic domain for cleavage of the 5′

end (Figure 1a).

Figure 1: a) Scheme of the pre-5S rRNA with the two identified locations for cleavage by M5.
b) Simulated complex between M5, a 104-nucleotide rRNA fragment and the uL18 protein
cofactor.

C. Tisné and coworkers recently provided molecular insights9,10 into this maturation
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process, with a cryo-EM structure of the complex between M5 and the pre-5S ribosome

particle, complemented by X-ray structures of the two domains of M5. They showed that

M5 binds the ribosomal particle as a monomer and that its Toprim active site is poised

to coordinate two Mg2+ ions, evidenced in a cristallographic structure of unbound M5 N-

terminal domain obtained at a high Mg2+ concentration (Figure 2a).

Nucleases—enzymes that catalyze the cleavage of RNA or DNA phosphodiester bonds—

play essential roles in a large number of key biological processes, e.g. DNA replication,

recombination and repair, DNA topoisomerization and RNA processing, maturation and

splicing.11 While they all cleave phosphodiester bonds, they present a broad diversity of

structures and of mechanisms, that can either be ion-independent or rely on 1 or 2 ions—

typically Mg2+—for catalysis. Given the importance of these processes, there is a pronounced

interest in better understanding them at a molecular level, which is where molecular simu-

lations can bring valuable additional insights.

Only few computational studies of ion-dependant RNases mechanisms are found in the

literature, almost exclusively on RNase H,12–16 and several points of its mechanism remain

debated, including for instance the initial state—deprotonated or not—of the nucleophilic

water molecule, the proton shuttle pathway(s), and the identity of a possible general acid

to reprotonate the 3′OH leaving group. The recently obtained structures of the rRNA:M5

complex thus appeared as an opportunity to examine the molecular mechanism of a different

2-ion dependent RNase.

In addition, earlier studies suggested that the presence of a bifurcated aspartate bridging

the two active site Mg2+ ions was essential for RNase activity17 and that release of the

frustration of an initially undercoordinated Mg2+ in site B played a key role in catalysis.18,19

As these two features are absent from the experimentally reconstructed structure of the

M5:rRNA complex, this was an opportunity to re-examine their role in RNase catalysis.

Examining the role of structural features in reactivity requires to ensure proper sampling of

active site conformations in simulations, as recent works increasingly suggest the interplay
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between conformational dynamics and reactivity to be central to understand enzyme catalysis

with, for instance, conformational selection now being used as a guiding principle to enzyme

design.20

In this work, we thus investigated using various molecular simulation approaches the

structural stability of the M5:rRNA complex and characterized the conformational dynamics

of this interface. We show that fluctuations of the interface impact key structural features of

the active site and we identify distinct conformations, whose structures appear pre-organized

to favor distinct mechanisms. Finally, we characterize using dynamic QM/MM-MD simula-

tions the reaction mechanism and free energy profile in each of the identified conformational

basins, identify the most favorable route and provide a comprehensive picture of the interplay

between conformational fluctuations and reactivity of this RNase.

Computational Methods

Molecular Dynamics simulations

System Preparation. The simulated complex was prepared with Pymol21 by superimpos-

ing the cryo-EM structure of the complex formed between B. Subtilis 50S (pre-5S) ribosomal

RNA subunit and the M5 enzyme9 (PDB: 6TPQ), with the X-ray structure10 (code PDB:

6Z2B) of uncomplexed M5 Toprim domain (chain B)—which contains two Mg2+ ions in the

active site. All water molecules resolved in the X-ray structure (in particular in the Mg2+

hydration shell) were retained, and the mutation of Asp58 to alanine was reversed.

Focusing on the rRNA:M5 interface, our simulated model comprised the M5 enzyme,

the UL18 cofactor (PDB chain h) and part of the rRNA chain (PDB chain V), selecting a

104-nucleotide portion (5′ strand up to residue U72, and 3′ strand up to A99) relevant for

the interaction with M5 (see Figure 1b). A loop (sequence G-G-U-A-U-G-A-G from 5′ to 3′)

was then added using RNA Composer22,23 to avoid fraying of the RNA ends. Using Gromacs

tools, this rRNA:protein complex was then immersed in a 130 Å box of water molecules with
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a background NaCl concentration of 150 mM.

Force fields. Proteins were described with the ff14SB force field,24 and RNA with the

amberff99-bsc0-χOL3 force field.25,26 These force fields were combined with the TIP3P wa-

ter model27 and Joung-Cheatham parameters for monovalent ions.28 The stability of the

active site structure was tested using 3 different force field for Mg2+: the non-polarizable

full charge model proposed by Merz and coworkers29 "Mgm" (TIP3P CM set version); the

parametrization proposed by Schwierz and coworkers30 (TIP3P version) with pair-specific

Lennard-Jones parameters to capture the Mg2+–phosphate interaction strength; and our

scaled charge "Electronic Continuum Correction" (ECC) force field, with a charge reduced

to +1.6 on both Mg2+ atoms.31 The ECC approach is a mean-field strategy32 33 that takes

into account electronic polarization as a dielectric continuum, which is formerly equivalent

to scaling ionic charges by a factor 1/
√
ϵ∞ ∼ 0.75 in water. This approach has been found

very promising to describe electrolyte solutions34 and capture ion pairing to phosphate moi-

eties, where a scaling factor of 0.8 was found more appropriate.31 We used this force field in

combinaison with the SPC/E water model,35 that it was developed to be compatible with.

An additional simulation was performed using also an ECC scaled-charge description for the

protein and RNA residues involved in Mg2+ coordination. The detailed parameters for each

force fields are provided in SI (Tables S1, S2, S3, S4, S5, S6).

All the parameter files, as well as typical input files for classical and QM/MM-MD sim-

ulations and selected trajectories are provided in an online repository.36

MD Simulation protocol. All classical molecular dynamics simulations were performed

using Gromacs2022 software.37 Visualization of the trajectories and evolution of key collec-

tive variables was performed in VMD38 augmented by the Colvars dashboard.39

The system was first minimized for 2000 steps, using flat-bottom harmonic restraints

(k = 20000 kJ/mol/nm2) that act when the distance between the Mg2+ ions and all the

oxygen atoms initially present in their first hydration shells (4 water molecules, the bound
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oxygen atom of Asp56, Glu10 and Glu96) exceed 2.2 Å. In addition—and after initial tests

that all immediately resulted in the active site falling apart—the scissile phosphate group of

A117 was moved to adopt a bridge localization in between the two Mg2+ ions, thus replacing

the water molecule that bridges the two ions in the X-ray structure (see Figure 2. This was

done using flat-bottom harmonic restraints on both Mg2+–O2P(pro-Sp)(A117) distances,

with a harmonic wall at 2.2 Å. In addition, position restraints were applied to all heavy

atoms of the complex.

The system was equilibrated in the NPT ensemble for a total of 100 ns, using the

Parrinello-Rahman barostat40 and a stochastic velocity rescaling thermostat41 at 300 K

with a 1 ps coupling time. Hydrogen-containing bonds were constrained using the LINCS

algorithm42 and the SETTLE algorithm for water molecules,43 which allowed the use of a

2 fs propagation time step. Particle mesh Ewald44 with a cutoff distance of 12 Å was used to

treat long-range electrostatic interactions, and the same cutoff was used for Van der Waals

parameters. Position restraints on heavy atoms were gradually decreasing until complete

removal (Table S7 for the detailed procedure), while the restraints on the Mg2+ coordina-

tion sphere were kept during the entire equilibration. From the end of this equilibration

protocol, in order to test the performance of different force fields to describe the active site

structure, an additional 20 ns NPT equilibration was performed with each of the tested force

fields, followed by a 500 ns equilibration keeping only restraints (k = 20000 kcal/mol/nm2)

on the distance between Mg2+ ions and the non-water oxygen atoms in their hydration

sphere. These restraints were then removed and an additional 500 ns NPT production run

was performed with each force field in 4 replicates, with different initial velocities.

Once the force field impact on the active site characterized, we generated 4 long 500 ns

NPT simulations starting from the structure obtained at the end of the equilibration protocol,

with restraints on the distance between Mg2+ ions and the non-water oxygen atoms in

their hydration sphere. We used here the pair-specific Lennard Jones force field for Mg2+

ions, but note that the specific choice of the force field is here irrelevant, since restraints
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maintain the active site structure around the ions. In addition, extensive exploration of the

complex conformational space was performed using a Hamiltonian replica exchange scheme

to accelerate sampling, namely Replica Exchange with Solute Tempering (REST2),45 scaling

being applied to a subset of atoms comprising the RNA and M5, as well as the 2 Mg2+ ions

and 102 Na+ ions to keep a neutral charge in the rescaled region. 32 replicas were used with

scaling factors λ ranging from 1 to 0.731707, thus covering an effective temperature range

for rescaled atoms of 300 K to 410 K. Exchange was attempted every 2 ps, which yielded

an average exchange rate of ∼20 %. This simulation was replicated using random initial

velocities.

Quantum Mechanims(QM)/Molecular Mechanics(MM)-MD Simula-

tions

Hybrid QM/MM-MD simulations were used to investigate the phosphate cleavage reaction

mechanism by M5. All QM/MM-MD calculations were carried out with the sander module

of the Amber23 software,46,47 using a 1 fs time step. First explorations of different possible

mechanisms were conducted using the semi-empirical DFTB348 method for the QM region

with OPhyd49 parameters, specifically developed to describe phosphorus chemistry with im-

proved accuracy. The most promising mechanism was then re-examined (in progress) with

a higher DFT level of theory, B3LYP/6-31G∗,50–52 using the Gaussian16/sander QM/MM

interface. This functional and basis set were chosen as a good compromise between com-

putational cost and proven accuracy in similar phosphoryl transfer or phosphate hydrolysis

reactions.53,54 Dispersion corrections were recently shown to be detrimental to the descrip-

tion of the interaction of divalent cations with their surrounding,55 and were thus not used

here, where Mg2+ ions are central for the reactivity. A 15 Å cutoff was set for QM/MM

interactions.

The QM region comprised the ribose phosphate backbone of A117 and C116, the two

active site Mg2+ ions, the water molecules in their first hydration shell as well as protein
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residue side chains involved in Mg2+ inner-sphere coordination (Glu96, Glu10, Asp56), for a

total of 94 atoms (see Figure S1). Starting structures with active site geometries appropriate

for each mechanism were selected from the above described MD simulations and further

equilibrated for ∼ 60 ps at the QM(DFTB3)/MM-MD48 level after conversion of the input

and parameter files from Gromacs to Amber format using the Parmed tool.56 The masses

of the hydrogens involved in proton transfer were adjusted to 2 amu to increase the weight

of the proton transfer events in the overall path mass-weighted reaction coordinate s. A

12.0 Å cutoff radius was used for electostatic and Lennard-Jones QM/MM interactions in

B3LYP calculations while DFTB3 simulations employed Ewald for long-range electrostatic

interactions. The RNase M5 reaction free energy landscape was explored using a dynamic

path sampling approach, the adaptive string method (ASM),57 developed by one of us.

The ASM approach allows to dynamically find the minimum free energy path (MFES) for

the reaction, describe it with a single path coordinate s, and straightforwardly obtain the

associated reaction free energy profile. In this method, the path is discretized into N replicas

of the system called "string nodes" (N = 128 in this work) defined along an assumed reaction

path in a M -dimensional space, where M is the number of selected collective variables (CVs).

These CVs are the key degrees of freedom (typically, distances or angles) that describe the

reaction. Here, we used typically a set 7 CVs to describe the reaction, comprising the

distances of the bonds broken or formed during the chemical reaction (Tables S8, S9, S10

for full list).

Starting from an initially chemically-educated guess of the reaction path, the positions of

the string nodes are evolved according to the free energy gradient while being kept equidistant

in the CV space, until the MFEP is found. Typically the string was propagated until the

root-mean-square deviation of the CVs remained below 0.2 amu1/2 Å during 1.5 to 2 ps. The

free energy profile along the path-CV (s) was then computed with Umbrella Sampling58 with

Replica Exchange,59,60 using the location of string nodes and biasing force constant along

the path CV obtained at convergence of the string as parameters for the US windows. At

9



least 120 ps of data were accumulated in each node to compute the free energy profile at

the DFTB3/MM level. The free energy profile was finally reconstructed using the Weighted

Histogram Analysis Method (WHAM) algorithm.61

Analysis of interfacial contacts

The rRNA:M5 interface structure and dynamics was characterized by analysis of the contacts

between the protein and rRNA, and their fluctuations. On a given structure or snapshot,

two residues across the interface were considered in contact if at least one pair of their heavy

atoms are distant by less than 5 Å. The list of interfacial contacts was computed on both

the starting structure (after phosphate repositioning) and every 80 ps of simulation.

Per-residue change in contacts. For a given simulation frame (time t), the change in

contacts with respect to the initial experimentally-derived structure for a given residue i was

quantified through the Manhattan distance di(t) defined as:

di(t) =
∑
j

(∆Cij(t))
2 =

∑
j

(Cij(t)− Cref
ij )2 (1)

where Cij is the 2D contact matrix between protein and rRNA residues (Cij = 1 if residues

i and j are in contact, 0 else). How much the contacts established by a residue i differ in

the simulations compared to the initial structure was then quantified through the averaged

quantity

⟨di(t)⟩ =

〈∑
j

(∆Cij(t))
2

〉
(2)

Per-residue fluctuations fi in contacts along the MD trajectories can be quantified through

the standard deviation of the distance in contact space di :

fi =
√

⟨d2i ⟩ − ⟨di⟩2 (3)
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To assess whether a residue i gains or looses contacts, we assigned a sign based on the

scalar product αi between the sum vector σi and the difference vector δi:

σi(t) =
∑
j

(Cij(t) + Cpdb
ij ) (4)

δi(t) =
∑
j

(Cij(t)− Cpdb
ij ) (5)

so that

αi(t) = σi(t) · δi(t) (6)

If αi > 0, the residue at time t has gained contacts compared to the starting structure,

while a negative sign indicates a loss of contacts. Overall, we thus quantify for each residue

the average change in its interfacial contacts with respect to the reference structure with the

scalar per-residue quantity:

∆i = sign (⟨αi(t)⟩) ⟨di(t)⟩ (7)

Clustering

Clustering analysis was performed following the methodology and tools developed by Sabei

et al..62 Clustering was performed after concatenation of all the replicas, keeping one frame

every 200 ps. The interface similarity between two structures S1 and S2 was quantified with

the Jaccard index J defined as

J(C1, C2) =
|C1 ∩ C2|
|C1 ∪ C2|

(8)

where C1 and C2 represent the two sets of contacts. The Jaccard matrix is of dimension

Nframes x Nframes. J = 1 if S1 and S2 have identical contacts. On the contrary, J = 0 if S1

and S2 have no common contacts. Hierarchical clustering using the Ward.D2 method63 as

implemented in R was performed on the dissimilarity matrix 1− J to identify clusters. The

choice of the optimal number of clusters was guided by the analysis of the topology of the
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clustering dendograms and the assessment of cluster size and stability in time when varying

the number of clusters as proposed in ref.62

Results

Structure and stability of the active site

The initial structure of the active site10—obtained from superimposition of the cryo-EM

structure of the M5:rRNA complex and that of the solution Xray structure of the N-terminal

domain of M5—shows two Mg2+ separated by only 4.23 Å. They are coordinated by 5

carboxylate groups from protein side chain—3 directly (Glu96, Glu10 and Asp56) and 2

through a water molecule (Asp14 and Asp58). The scissile phosphate is positioned to be

in direct contact with only one of the two Mg2+ ions (Mg2+A ), and the oxygen of a water

molecule is located in between the two cations (Figure 2a). This arrangement differs from

the typical organization of 2-ion dependant nucleases, where the scissile phosphate usually

occupies a bridging position in between the two active site ions.19,64

Simulations of a reduced model of the system—comprising M5, the protein cofactor uL18

and a fragment of rRNA terminated by a loop (Figure 1), all explicitly solvated in water with

150 mM background KCl— showed that, when starting from the structure with phosphate

coordinated to a single ion, the active site structure is unstable and the distance between

the two ions increases quickly (Figure S2).

By analogy with other nucleases active sites, the scissile phosphate was thus moved to

a bridging position between the two ions, so that it replaces the bridging water molecule

resolved in the X-ray structure of the isolated enzyme. This small rearrangement implies

minimal distorsion of the overall structure (Figure 2), which remains compatible with the

cryo-EM structure of the complex—of limited resolution in this area and obtained with a

mutated active site. It increased the stability of the active site in simulations performed with

the standard Amber99ff_OL15 force field (Figure 3a). However, the two ions still moved
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apart, thus breaking apart the active site structure, in all four 500ns-replicas.

Figure 2: a) Initial structure of the active obtained from superposition of the cryo-EM
structure of the complex and X-ray structure of unbound M5 at high Mg2+ concentration.
Resolved water oxygen atoms in the Mg2+ hydration shell are drawn as red balls. b) Structure
of M5 active site after repositioning of the scissile phosphate in between the two magnesium
ions.

Such active sites with two divalent ions very close in space are notoriously difficult to

describe with standard force fields, due to the large electrostatic repulsion between the two

ions, which is overestimated in the absence of electronic polarization and charge transfer.65

We then explored how different computational strategies could stabilize the active site struc-

ture. First, we tested a recently-proposed Mg2+ force field66 that includes pair-specific

Lennard-Jones interactions with RNA phosphate backbone oxygen atoms, specifically tuned

to properly capture Mg2+–phosphate binding free energy. This modification did not increase

the stability of the active site, which fell apart in all 4 replicas within 150 ns.

Another strategy to account for the missing electronic polarization in fixed charge force

fields is to use scaled charges, which is formally equivalent to including the electronic po-

larization as a dielectric continuum. This mean-field theory, called Electronic Continuum

Correction (ECC),32,33 prescribes scaling all ionic charges by a factor 1/
√
ϵ∞ ≃ 0.75, and has

been shown to improve the description of ion–protein and ion–phosphate interactions.31,33,67

Using ECC force fields for the active site Mg2+ ions considerably improved the active site

stability, with a stable structure over 500 ns in 2 of the 4 replicas. Using it for all charged
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residues in the active site even further stabilizes the structure (see Figure 3 c,d).

These results demonstrate that advanced force fields with improved electrostatics can

stabilize the active site structure reconstructed from the low-resolution cryo-EM structure

of the complex and X-ray structure of the isolated protein, after a small displacement of

the reactive phosphate. To complement these observations, it would be interesting in future

work to assess the stability of this active structure when using explicitly polarizable force

fields, that, in principle, should provide an even finer electrostatic description. The structure

of the active site is then very similar to that of previously described nucleases,11 even if it

lacks the typical aspartate residue bridging the two ions, previously thought to be essential

for reactivity.11

Interface structural dynamics

We quantified the location and dynamics of contacts between M5 and the rRNA, on long (4

replicas of 500 ns) standard MD simulations, which we compared with two 500 ns replicas

using the REST2 Hamiltonian Replica Exchange enhanced sampling methodology.45 This

technique allows to accelerate sampling of biomolecular conformations by using replicas with

scaled interactions—intramolecular and intermolecular—for M5 and rRNA, which mimic a

local temperature increase. To avoid spurious disruption of the active site during these

simulations, the distance between both Mg2+ and their non-water ligands was restrained

(see Methods).

Overall, the interface between M5 and rRNA is stable, even in simulations with enhanced

sampling, with a significant fraction of native contacts (> 70 %, Figure S5) at the interface

preserved all along the simulations. Unsurprisingly the main structural fluctuations can be

assigned to flexible RNA and protein loops, often distant from the interface (Figure S4). We

quantified at the residue-level the change in interfacial contacts with respect to the initial

structure using the average value of the signed distance in the space of contacts ∆i relative to

the initial structure (see Methods) (Figure 4a), and characterized the fluctuation in contacts
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Figure 3: Time evolution of the inter-magnesium distance over 4 replicas of 500 ns with a)
the standard full-charge force field, b) pair-specific Lennard-Jones parameters for Mg2+, c)
our ECC force field for active site Mg2+ ions or d) our ECC force field for all active site
residues.

along the simulations with the per-residue variability of contacts fi (see Methods). In non-

accelerated simulations, the largest changes and flexibility are observed around the U23

RNA base—which is inserted in between the two M5 protein domains— and for the C116

nucleotide, which interacts with the residues around Lys91, in an unstructured loop of M5

N-terminal domain. Large changes in contacts are also found for A55 in the domain β, which

changes interaction patterns with the residues around Met136, at the foot of M5 C-terminal

domain α7-helix. Three distinct conformations of the interface were identified by performing
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clustering in the contact space (Figure S6), without large conformational changes from the

initial experimentally-derived structure. Rather, we observe small side chain rearrangements

—e.g. formation of additional salt bridge interactions between protein side chains and RNA

phosphate backbone or insertion of the U23 RNA base deeper in the groove between the two

protein domains.

The same conformations are visited in REST2 simulations (Figure 4c), which share similar

clusters, but enhanced sampling reveals alternative conformations (additional clusters) with

fraying of the initially paired rRNA 3′ and 5′ ends (Figure 4e). This allows new interactions

between the now unpaired rRNA ends and the protein α2 helix, that were not sampled with

standard MD.

Overall, our simulations thus picture a stable rRNA:M5 interface, with significant fluc-

tuations observed mostly at the RNA ends, where possible fraying was uncovered thanks

to enhanced sampling simulations. At this stage, it is however unclear how much these

fluctuations could impact the RNase M5 activity, which we thus proceed to investigate.

Monitoring selected distances across the active site along our enhanced sampling simu-

lations, we revealed a rich conformational landscape in the active site, with multiple basins

corresponding to various orientations of the active site Glu96 and distinct distances between

the backbone phosphate A118 and the Mg2+ ion (Mg2+A ) coordinating the attacking water

molecule (see Figure 5a). The center of the basin corresponding to our starting structure

is associated with long O2P–MgA and OE1(Glu96)–P(A117) distances (∼ 6.5− 7Å), which

means that both pairs of groups are separated by more than a single water molecule. How-

ever, we identify secondary conformations on the side of this broad basin, with a free energy

only 2.0 kcal/mol higher, with Glu96 OE1 oxygen much closer (< 6.0Å) to the phosphate,

which reflects the presence of a single molecule in between those two groups (see Figure 5c).

In addition to this main broad basin, we evidence a secondary basin with a much shorter

distance (∼ 4Å) beetween the neighbor backbone phosphate O2P(A118) and Mg2+A . This

corresponds to a conformation with a single water molecule bridging those two groups (see
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Figure 4: a) Per-residue change ∆i (> 0 if gain, < 0 if loss) in interfacial contacts along 4x500
ns of MD simulation with respect to the initial structure of the complex, and b) per-residue
fluctuation fi in contacts. c) Per-residue change ∆i in interfacial contacts and d) per-residue
fluctuation fi in contacts along 2x500 ns of REST2 enhanced sampling simulations. e)
Example of conformation with fraying at the RNA ends as sampled in our REST2 simulation.

Figure 5c). From our REST2 simulations, we estimate that this conformation could be almost

as populated as the main one (see SI). Further, we found the existence of these distinct
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conformations of the active site structure to be correlated with the changes in interfacial

contacts examined earlier (Figure S10), as it is a change in the conformation of the RNA

ends that brings A118 phosphate closer to the active site (Figure S8). These distinct active

site conformations are thus associated with different relative positioning of the residues (in

particular Glu96 and A118) in the active site, which may favor distinct reaction mechanisms,

as we will now further investigate.

QM/MM-MD investigation of the reaction mechanism

The cleavage reaction of rRNA by M5 occurs through the nucleophilic attack of a water

molecule to the scissile phosphate, followed by departure of the 3′ leaving group (see Fig-

ure 6), similarly to other RNases.11 However, it is a priori unclear whether the attacking

water molecule is deprotonated before the attack—and in that case, where the proton is

transfered, either to Glu96 or a backbone phosphate—or whether its proton is shuttled to

the leaving group through the scissile phosphate oxygen atoms (see Figure 6). In addition,

the two proton transfers can happen in a more or less concerted fashion with the nucleophilic

attack and departure of the 3′ leaving group. Only few computational studies of RNases are

reported in the literature, almost exclusively on RNase H,12–16 where these points are still

debated, including the identity of a possible general acid to reprotonate the leaving group.

We thus setup to investigate the different possible mechanistic routes M5 from the differ-

ent identified conformations, exploring the interplay between conformational dynamics and

reactivity.

Given the multiplicity of possible reaction mechanisms, the number of chemical steps and

the need to capture active site reorganization along the reaction path, we chose to use a path-

based method—The Adaptive Finite Temperature String Method57 (ASM) developed by one

of us—to dynamically explore the reaction free energy landscape in a multi-dimensional space

of collective variables (see Methods). Given the computational cost of such QM/MM-MD
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Figure 5: a) Free energy lanscape along two key active site distances computed from the 2D
probability distributions obtained in our enhanced sampling simulations. b) Representative
structure of a typical conformations of the M5 active site with Glu96 poised to deprotonate
the attacking water molecule and b) with the A118 phosphate positioned to deprotonate the
nucleophilic water molecule, in a bridge position between A118 and a Mg2+ ion. Prepared
with VMD38

simulations and to allow for sufficient sampling—typically, around 500 ps are needed to

converge the path—initial explorations of the different mechanistic hypotheses were per-

formed at the DFTB348/MM level of theory. The most promising mechanism was then be
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Figure 6: a)Scheme of three possible mechanisms (represented with the different colored
arrows for PT1) for M5 rRNA cleavage b) Scheme of the proton shuttling mechanism.

recalculated at the B3LYP/MM level.

The different conformations of the active site previously identified seem prone to favor

distinct mechanisms. In particular, the conformation with a single water molecule—in the

Mg2+ hydration shell—bridging the carboxylate group of Glu96 and the reactive phosphate

(see starting point "Glu96_1wat" on Figure 5a and Figure 5b) seems ideally pre-organized

for deprotonation of the nucleophilic water molecule directly by Glu96. Structures from the

secondary basin ("A118_1wat" on Figure 5a and Figure 5c) with a single water molecule

bridging the Mg2+A and the neighbor A118 phosphate pro-Rp (OR) would in contrast be

better arranged for deprotonation by the phosphate backbone. Both deprotonation routes

could also take place from conformations with increased distances between the base and

scissile phosphate ("A118_2wat" and "Glu96_2wat" in Figure 5a), with indirect proton

transfer through an additional water molecule (Figure S11). A final possible mechanistic
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route is the attack of a non-deprotonated water molecule, with proton shuttling towards the

leaving group through the scissile A117 phosphate. This proton shuttling can also involve a

string of several water molecules, as suggested in RNase H.12 The different possible reaction

mechanisms are depicted in Figure 6 and Figure S11.

Using the ASM methodology, we characterized the reaction pathway associated to all

these possible mechanisms, starting in each case from the a priori most favorable conforma-

tion. The computed free-energy barriers are summarized in Table 1. Note that we could

not converge any reaction pathway starting with deprotonation by the Mg2+-bound Glu96

oxygen (purple arrow in Fig 6) which thus seems highly unfavored. Of all the explored

mechanisms, direct deprotonation by the Glu96 oxygen non involved in Mg2+ coordination

appears by far the most favorable, with a free energy barrier ∆G‡ ≃ 18.2 kcal mol−1, while

all the other mechanisms are associated with barriers over 30 kcal mol−1 (Figures S12, S13,

S14).

Table 1: Activation free energies and name of the starting point (localized on Fig. 5a) for all
tested reaction mechanisms.

Mechanism Name ∆G‡ (kcal/mol)
Deprotonation by Glu96 (direct) Glu96_1wat 18.2
Deprotonation by Glu96 (via 2 H2O) Glu96_2wat 32.1
Deprotonation by A118 (direct) A118_1wat 46.0
Deprotonation by A118 (via 2 H2O ) A118_2wat 44.2
Proton shuttling (via 1 H2O) Shuttling_1wat 36.9
Proton shuttling (via 2 H2O) Shuttling_2wat 35.5

The reaction starts with a proton transfer from a water bound to Mg2+A to the carboxylate

oxygen of Glu96 not involved in Mg2+A coordination. This first deprotonation event is asso-

ciated with a very small barrier and the deprotonated state has a very similar free energy as

the initial state, the hydroxide ion being stabilized by Mg2+A . In a second step, the hydroxide

ion attacks the scissile phosphate, to reach an associative transition state with a pentavalent

phosphate geometry (Figure 7c). Departure of the leaving group is then associated with only

small free energy barriers, as is its reprotonation by a water molecule located in between

21



Figure 7: a) Free energy profile at the DFTB3/MM-MD level (will be updated with DFT/MM
data) along the reaction path coordinate s. b) Evolution of the defined CVs along the
reaction pathway. c) Representative structure of the phosphorane transition state with P-
O3′ and P-nucleophile distances of 1.82 Å. d) Representative structure of the product, with
the hydroxide ion between the two Mg2+ ions.

the two Mg2+ ions. While our initial mechanistic guess did not impose any reprotonation

of the leaving group, a Mg2+-bound water molecule spontaneously oriented itself to reproto-

nate the leaving group during our initial explorations of the reaction free energy landscape.

In the course of the reaction, the scissile phosphate, initially coordinating both Mg2+ ions,

moves towards Mg2+A and is replaced by a water molecule that then donates its proton to

reprotonate the 3′OH leaving group. In the final state, a hydroxide ion is thus located in

between the two active site cations (Figure 7d).

We note that the selected starting structure for the mechanism is not in the center of

the main population basin, as Glu96 is closer to the scissile phosphate than in the dominant

geometry (see Figure 5a), which allows the nucleophilic water molecule to be directly depro-

tonated by Glu96. In the dominant conformation of the active site, direct proton transfer is
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not possible, but could instead happen through a string of two water molecules (Figure S11).

Characterization of the free energy profile associated with such a mechanism however shows

that it is associated with a much higher free energy barrier (see Table 1 and Figures S12,

S13, S14). These results thus suggest that from the dominant conformation of the active

site, the most favorable route would be first a conformational fluctuation to bring Glu96 in

an appropriate geometry (with an estimated free energy cost of about 2 kcal mol−1), fol-

lowed by direct deprotonation of the nucleophilic water molecule by Glu96 from this specific

geometry.

Discussion

Active site structure and fluctuations. The experimentally determined M5 active site

structure10 is similar to that of other RNases reported in the literature,64 with 2 Mg2+

ions coordinated by several negatively charged protein side chains, either directly or through

water molecules. While the initial superimposition of the cryoEM structure of the complex—

mutated to prevent reactivity—and the X-ray structures of M5 isolated domains suggested

an unusual position of the scissile phosphate, coordinating only one of the two ions, this

structure is unstable in simulations. We propose that the scissile phosphate should instead,

as in other RNases, be positioned in between the two active site ions, thus effectively replacing

the water molecule resolved in the crystal structure of the isolated N-terminal domain. This

(small) change being done, the active site structure now closely resembles that of other

RNases, in particular the well-characterized RNase H.18,68

Yet, substantial differences can be noticed. First, the binding of two active site aspartate

residues is mediated by water molecules in M5—in contrast with direct inner sphere coor-

dination in RNase H. In addition, while the presence of an aspartate that simultaneously

binds both Mg2+ ions is often reported to be a key element for 2-ion catalysis,11,69 M5 is

missing such a feature. Our present work suggests that the active site is stable—provided an
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adequate force field is used in simulations—and that a reasonable reaction free energy path

exist without this feature, which may not be as essential as previously thought.

Also, RNase H crystal structures have suggested64 that the cation occupying the A site

has a perfect octahedral hydration shell, while site B coordination is initially frustrated,

with a distorted hydration geometry. Release of this frustration was thought64 to play a

key role in catalysis. The available crystal structure of M5 N-terminal domain10 paints a

very different picture, with a perfect octahedral coordination for site B Mg2+ and a distorted

square-planar coordination in site A. Note that this square planar coordination may be due

to limited resolution of structures, difficulty to identify, and that in our molecular simu-

lations both cations have a octahedral hydration shell, with 6 ligands coordinated. Since

a thermodynamically favorable reaction pathway, with a low free-energy barrier could still

be found in simulations, release of an initial geometric frustration does not seem to be an

essential feature for these reactions.

Finally, RNase H structures18 suggest that the nucleophilic water molecule, coordinated

to the Mg2+
A ion, could donate a H-bond to the downstream phosphate. This feature led

computational studies12,14 to consider the downstream phosphate as a potential general base

for the initial proton transfer. The starting structure of the M5:rRNA complex does not

exhibit such a feature, with a downstream phosphate (A118) too far from the active site

to allow formation of a single-water bridge. However, our enhanced sampling simulations

revealed the conformational flexibility of the active site, and the existence of an alternative

conformation where the A118 phosphate group has moved close enough to be bridged to

one of the active site cations by a single water molecule, similarly to what was observed in

RNase H. Our simulations further suggest that the two conformations could have similar

populations. While not explicitly discussed and quantified in the case of RNase H, such

flexibility of the active site may be also relevant there, as earlier studies14 mention that

the interaction between the nucleophilic water molecule and downstream phosphate may be

either direct or mediated by another water molecule.
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This suggests that the conformational fluctuations of the M5 active site, which we quan-

tified with enhanced sampling simulations, may have a broader relevance for RNases. We

found that these distinct conformations of the active sites where correlated with larger scale

conformational fluctuations of the interface, and notably with fraying motions at the RNA

ends. Here, we have to pause and note that in vivo, the RNA 3′ end is much longer than in

our simulations (42 nucleotides), but this part of the RNA is unstructured and not resolved

in the cryoEM structure of the complex. This suggests that the RNA 3′ end is indeed very

flexible and prone to adopt varied conformations. While the exact populations of different

conformational states may differ in the full-length system, we can thus reasonably assume

that large conformational fluctuations may occur at the RNA ends and lead to distinct

populations of active site structure.

RNA cleavage mechanism Previous computational studies of 2-ion RNases mostly fo-

cused on RNase H,12–16 and suggested different, possibly co-existing, mechanisms for the

cleavage. A first study12 singled out two possible mechanisms: a first one where the pro-

ton of the attacking water molecule is shuttled to the leaving group through several water

molecules (similar to our "Shuttling_2wat" mechanism), and a second where the reaction,

starting with the attack of a hydroxide anion (deprotonated water), ends with stabilization

of the deprotonated 3′OH by the site B Mg2+ ion. Another study14—starting from a slightly

different active site conformation with an additional Glutamate Glu188 bound to site A

Mg2+, which again echos our observation of a rich conformational landscape in such active

sites—suggests that the water nucleophile donates its proton to the downstream phosphate

(similar to our "A118_1wat" mechanism) and that the leaving group is reprotonated by an

aspartate residue, initially protonated. It however could not exclude alternative reprotona-

tion routes that were not explicitly considered.

In this work, we evidenced an interplay between reactivity and conformational fluctu-

ations in the active site, as key aspects of the reaction (e.g. nature of the general base)
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are intimately coupled to conformational fluctuations of the active site, that modulate the

distance between reactive partners. Distinct conformations of the active site appear pre-

organized to favor different mechanisms. This echos recent works that increasingly suggest

an interplay between conformational fluctuations and catalytic activity in enzymes.70,71 This

work thus underlines the importance to perform extensive conformational exploration of the

reactant state of a reactive complex before mechanistic investigations.

Our mechanistic investigations evidenced one favorable reaction route, that first requires

a small conformational fluctuation from the dominant active site conformation to reach a

suitable organization of the active site. This RNA cleavage mechanism differs from that

suggested for RNase H in several aspects: the most favorable route for deprotonation of the

nucleophilic water molecule is here a Mg2+-bound glutamate, and the leaving group is then

reprotonated by a water molecule that moves along the reaction path to adopt a bridging

position between the two active site Mg2+ ions, thus taking the place of the scissile phosphate

in the reactant state. Note that a water molecule is visible in the X-ray structure of isolated

M5 at this specific position, with ill-determined protonation state, so that a hydroxide ion

may well bridge the two Mg2+ ions in the absence of the RNA subtrate. Our product

structure could thus be reminiscent of that of the uncomplexed active site. Experimentally

testing the nature of the base for the initial deprotonation will prove challenging: mutating

Glu96 would presumably prevent the initial proton transfer, but it may also be detrimental

for Mg2+ binding in the active site, and the two effects will be difficult to deconvolute.

While we evidenced here a clearly favored reaction pathway from one of the confor-

mational basins, it would be interesting to investigate in future work whether such a rich

conformational landscape, relevant for reactivity, is pertinent for other RNases. The exis-

tence of distinct reaction pathways associated with different conformations paints a picture

of enzyme catalysis much more complex than the traditional view. In cases of competing

reaction routes with similar barriers, such effects may be key to rationalize reactivity, under-

stand mutation effects, and predict activity changes, for instance in the context of enzyme
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design.

Conclusion

Molecular simulations of the complex between M5 and its rRNA substrate have thus demon-

strated the plausibility of the experimentally suggested complex and inferred active site

structure, which are—provided a small displacement of the scissile phosphate and the use

of specialized force fields—stable and with a reasonable reactive pathway. Combining ad-

vanced enhanced sampling techniques and dynamic QM/MM-MD reaction path exploration,

we have uncovered a rich conformational landscape in the active site and characterized dif-

ferent mechanistic routes associated with various orientations of key active site residues. The

most favorable mechanism features deprotonation of the nucleophilic water molecule by a

Mg2+-bound glutamate (Glu96). The formed hydroxide ion, stabilized by the Mg2+, then

attacks the scissile phosphate in an associative mechanism with a pentavalent phosphate at

the transition state. The leaving group is later reprotonated by a water molecule, whose

acidity is exacerbated by coordination to both Mg2+ ions. Such a mechanism is not possi-

ble from the main conformational basin, so that the system must wait for a conformational

fluctuation to bring it in a reactive conformation.

From a methodological point of view, we stress that enhanced sampling techniques were

key to uncover these distinct conformational states of the active sites and characterize the

associated free energy landscape. This work thus underlines the importance to perform ex-

tensive conformational exploration of the reactant state of a reactive complex before mech-

anistic investigations, echoing in that recent work on different RNA processing systems,

ribozymes.71

Finally, while the present study focused on the cleavage of the 3′ end by M5, experiments

suggest9 that the complex then undergoes reorganization to position the same M5 enzyme

on the 5′ end to perform the second cleavage step. While M5 presumably remains anchored
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to the rRNA with its C-terminal domain, significant reorganization of the complex has to

occur after removal of the 3′ end to allow for the needed repositionning. Characterization of

this reorganization is a challenge both for experiments and computations that will be tackled

in future work.
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