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Abstract

Recent /n crystallo reaction intermediates have detailed how nucleic acid hydrolysis occurs in

the RNA ribonuclease H1 (RNase H1), a fundamental metalloenzyme involved in maintaining
the human genome. At odds with the previous characterization, these /n crystallo structures
unexpectedly captured multiple metal ions (K* and Mg2*) transiently bound in the vicinity of the
two-metal-ion active site. Using multi-microsecond all-atom molecular dynamics and free-energy
simulations, we investigated the functional implications of the dynamic exchange of multiple K*
and Mg?2* ions at the RNase H1 reaction center. We found that such ions are timely positioned

at non-overlapping locations near the active site, at different stages of catalysis, being crucial for
both reactants’ alignment and leaving group departure. We also found that this cation trafficking
is tightly regulated by variations of the solution’s ionic strength and is aided by two conserved
second-shell residues, E188 and K196, suggesting a mechanism for the cations’ recruitment
during catalysis. These results indicate that controlled trafficking of multi-cation dynamics,
opportunely prompted by second-shell residues, is functionally essential to the complex enzymatic
machinery of the RNase H1. These findings revise the current knowledge on the RNase H1
catalysis and open new catalytic possibilities for other similar metalloenzymes including, but not
limited to, CRISPR-Cas9, group Il intron ribozyme and the human spliceosome.
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Introduction

Recently, structural and biophysical studies have revealed that additional metal ions (viz.,
K* and Mg?2*) are transiently engaged in the vicinity of the well-recognized two-metal-ion
catalytic site of enzymes like DNA/RNA polymerases,12 endo- and exo-nucleases,3- and
even type |1 topoisomerase.”"? All these metalloenzymes are fundamental for the expression
and maintenance of RNA and DNA within the cell, 1012 and are often targeted to treat
human diseases, from cancer to viral and bacterial infections.13-16

Remarkably, transient K* and Mg?* ions have been often captured unexpectedly close to
conserved second-shell protein residues, which have been thereby proposed to favor metal
recognition and recruitment from the bulk.1” Such positive ions at the metal-aided catalytic
site during the processing of nucleic acids were suggested to contribute actively to the
overall catalytic process,1:18-24 although their exact functional and dynamic role remains
only partially understood.

In this context, the prototypical nucleic acid-processing enzyme RNA ribonuclease H1
(RNase H1, Figure 1A), which cleaves phosphodiester bond in RNA:DNA hybrids being
responsible for removing the Okazaki fragments during DNA replication,25 has been
extensively characterized via biophysical?6-32 and computational33-3° studies.

Nevertheless, only recent data, obtained using time-resolved X-ray crystallography,38 have
shown that the catalysis of RNase H1 is accompanied by the trafficking of both mono

(K*) and divalent (Mg2*) metal ions, transiently bound in the vicinity of the two-metal-ion
catalytic site, at different stages of catalysis (Figure 1B-C). Indeed, the new X-ray structures
of the Bacillus Halodurans RNase H1 in complex with an RNA:DNA hybrid substrate

have captured the /n crystallo intermediates of the catalysis (Figure 1B-C). The active site
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displays both catalytic Mg?* ions (Ma-Mg) properly located and coordinated by first-shell
conserved carboxylates, referred to as the DEDD motif (D71, E109, D132, D192).

These novel findings support the possible functional role of such transitory metal ions.118-23
Intriguingly, prior RNA hydrolysis, two K* ions are captured at the active site, at different
times (Figure 1B). The X-ray structure solved 40 seconds (40s) after the /n crystallo
incubation shows that a K* ion locates at the “U” site (and is hereafter named Ky, PDBid:
6DMV, Figure S1A).36 In this position, K binds to the catalytic D192 and the phosphate
adjacent (Papj) to the scissile group (Psc)). Notably, at this stage, no reaction is observed

as the Michaelis-Menten complex is not adequately formed. The distance between Pro-Sp
oxygen (Osp) of the scissile phosphate and the catalytic Mg is 2.6A (dMg—Ogyp in Figure
S1A, close-up view). Subsequently, after 120s, a second K* ion locates at the “W” site (viz,
Kw, Figure 1B; PDBid: 6D09),36 where it is directly coordinated to the second-shell residue
E188 and to Pgcy, in agreement with previous proposal from classical molecular simulations
of this enzyme.34 Notably, at this stage, the scissile phosphate results properly positioned for
the catalysis, profiting of the increased vicinity to Mg (with the dMg-Osp, = 2.2A, Figure
S1B, close-up view). Then, upon RNA hydrolysis, while Kyy is still present at the active site
(Figure 1C), the occupancy of Ky decreases with product formation. Indeed, after 360s, a
third K* ion locates very close to the “U” site, at the “V” site (viz., Ky, Figure 1C; PDBid:
6D0X),36 eventually substituting K. Moreover, at high concentrations of divalent metals
[M2+], a third Mg2* ion is captured to directly coordinate the scissile phosphate at the “C”
site (viz., Mc, Figure 1C; PDBid: 6DPD).36 The /n crystallo catalysis has also shown that
the RNase H1 activity depends on the ionic strength of the reaction buffer.3¢ Indeed, the
formation of reaction products increases with the concentration of both K* and Mg2* cations
(i.e., [K*] and [Mg?*]), although an excess of ions leads to the so-called “attenuation effect”,
which reduces RNA hydrolysis.

Interestingly, catalysis is impaired for the single mutants E188A or K196A, in presence

of Mg2*.36 The X-ray structures of such mutants have revealed an altered active site
architecture as compared to the wild type (wt) RNase H1 upon RNA hydrolysis, with only
partial product formation. In the product structure of the E188A mutant, no K* ion locates at
the “W” site (Figure S2A), in contrast to what observed in the wt form, indicating that E188
directly impacts the presence of K* at the active site. On the other hand, in the structure of
the K196A mutant (Figure S2B), one K* ion is captured at the “W” site, as in the wt RNase
H1. Nonetheless, in absence of K196, the products are misfolded due to a slight rotation of
the scissile phosphate, in contrast to what was observed in the reactive center of the wt form.
Most importantly, no other M¢ locates at the active site in this K196A mutant.

Such a wealth of structural and biochemical evidence suggests a functional role of multiple
metal ions (K* and Mg?2*) transiently bound in the vicinity of the two-metal-ion active site

in RNase H1, where metal trafficking and exact localization at the reaction center seems
critical for catalysis.36 Indeed, this mechanistic hypothesis would justify the stage-dependent
location of additional mono and divalent metals during catalysis, as observed in the /n
crystallo intermediates of RNase H1.
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To test this hypothesis and examine the dynamics of this complex step-wise and metal-aided
enzymatic process, we applied extensive all-atom molecular dynamics (MD) and free-energy
simulations (>27 ps, in total) on multiple systems of RNase H1, at different stages of the
catalysis and ionic strengths of the solution. Our results identify an ordered dynamics of
multiple cations and their controlled trafficking at the RNase H1 active site as a functional
element of the enzymatic strategy to prompt RNA hydrolysis.

Two transient K* ions are alternatively located at the reactants for catalysis.

According to structural data,36 the RNase H1 catalytic site can contain three K* ions,
namely Ky, Ky, and Ky, which are located at the respective binding site “U”, “W”, and “V”
(Figure 1). The in crystallo data also show that this extended K* ion cluster is transiently
formed and disrupted during catalysis. Only Ky is initially bound (at 40s, when no reaction
is observed, PDBid: 6DMV).3¢ Then, in the reactant state, K, occupancy decreases, while
Ky locates at the active site (at 120s, PBBid: 6D09; at 200s, PDBid: 6DOB). Finally, Ky
and Ky, are found in the products (at 360s PDBid: 6D0OX).36

To investigate K* ion's dynamical recruitment and binding at the catalytic site, we first
performed two MD simulations of ~1 us each, where both Ky and Ky were removed from
the reactant state (PDBid: 6D09). Such simulations were run at the reference and optimal
concentration for catalysis (in line with the experimental conditions of 6mM [Mg2*] and
200mM [K™]). First, we noted that even in the absence of K* ions, the overall catalytic
architecture is maintained well (see RMSD in Figure S3). Monitoring the spatial distribution
and number of K* ions in a sphere of 6 A centered on the scissile phosphate (Psc), Figure
2A\), we found that a transient K* ion can be intermittently located at the W-site (i.e., Ky).
In this position, Kyy sits at ~2.77 + 0.24 A from Pgc,, (Figure S3), in excellent agreement
with X-ray data (PDBid: 6D09, Kyy at = 2.5 A). On the other hand, K* ions do not occupy
the “U” site, which remains empty (Figure 2A and S4A).

We also found that the spontaneous binding of Kyy is associated with a conformational
change of the second-shell residue E188 (Figure 2B), which can assume two main
orientations, pointing towards the active site as in the X-ray structure (v7z., E188,y), and
outside (v7z., E188 o7 toward the bulk. By monitoring the variation of the torsional angle
E188-6 (formed by the E188 atoms N-Ca.-Cp-C§, Figure 2C, lower panel), we found that
E188 mainly samples the E188,y, state when Kyy locates at the “W” site (shown in the
upper panel). On the other hand, E188 samples the E188 o 7 state when the “W” site is

not occupied by Kyy. This correlation, which is also observed in the simulation replicas
(Figure S6), suggests that the inner <> outer conformational swing of E188 can favor the
recruitment of K* ions from the bulk to the “W” site. Importantly, these findings are also in
agreement with biochemical data showing that catalysis is impaired in the E188A mutant.36
While the active site architecture of this mutant is highly similar to the wt RNase H1 (Figure
S2A\), the only structural difference is the lack of Kyy (PDBid: 6DPO).3¢ Accordingly, we
further evaluated the role of E188 for the dynamic recruitment of Kyy, and performed two
additional MD simulations (1us, each). First, we simulated the E188A mutant at optimal
ionic strength. As a result, no K* ions bind at the active site (Figure 2A), at odds with
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what was observed for the wt RNase H1. This result confirms that the presence of the
second-shell E188 promotes the binding of Kyy. Then, we performed MD simulations of the
wt RNase H1, restraining the E188 residue in the “out” conformation. Here, the occupancy
of the “W” site by K* ions was dramatically reduced (Figure S6C), suggesting that the inner
<> outer conformational swing of E188 is fundamental to guarantee the recruitment and
proper positioning of Kyy, which thus appears crucial for catalysis.

As noted above, K* ions do not occupy the “U” site during such MD simulations. To

further corroborate this observation, a third simulation replica has been performed by
locating one K* ion at the “U” site, based on the coordinates of the /n crystallo RNase

H1 intermediate obtained as soon as 40s after incubation (Figure S1A, PDBid: 6DMV).36 In
this simulation, such K* ion spontaneously departs from the “U” site (Figure S4B), just after
the equilibration phase, when the Psc| approaches the Ma-Mpg reactive center. That is, the
distance between Mg and the Pro-Sp oxygen (Ogp) of the scissile phosphate reaches dMg—
Ogp=19+0.13 A. Notably, these findings align with the occupancy trend observed for

Ky in the series of X-ray structures obtained at different times from incubation. Indeed, the
occupancy of K (Ky©9c®) progressively reduces when the scissile phosphate gets properly
positioned for catalysis and approaches Mg. In detail, at dMg-Osp, = 2.6 A Ky©€=0.35
(at 40s, PDBid:6DMV); at dMp—Ogp = 2.2 A, KO = 0.25 (at 120s, PDBid:6D09); and

at dMg-Ogp = 2.1 A, K©%€ = 0.10 (200s, PDBIid:6DOB). Thus, MD simulations agree
with structural evidence, supporting that the proper positioning of the substrate favors Ky
departure.

Interestingly, the /n crystallo data also revealed that low [K*] lead to reduced product
formation in RNase H1.36 We simulated such conditions with three more ~1us-long

MD runs at low K* concentration (i.e., 6mM [Mg?*] and 25mM of [K*], according to
experimental conditions), with both “U” and “W” sites empty. This allowed us to investigate
whether a diminished K* ionic strength could affect the recruitment of K* ions at the W
site, as well as the dynamical role of E188 in this process. As a result, also at low [K*], we
observed null occupancy of the “U” site (Figures 2A and S4A). Moreover, the recruitment
of Kyy occurs less frequently compared to the simulations at the optimal [K*] (paragraph
above), as shown by the decreased occupancy of the “W” site by K* ions (Figure 2A).

Most notably, E188 more frequently samples the E188 o,7-conformation, pointing toward
the solvent, searching for a transient K* ion from the bulk (Figure 2D, lower panel). In

this regard, however, it is worth noting that the lack of Kyy is often compensated by the
positively charged side chain of the second-shell residue K196, which at times accesses

the “W” site, with almost the same frequency of a K* ion (Figure 2D, upper panel).

Overall, MD runs at low [K*] indicate that when K* does not access the “W” site, E188
preferably assumes the E188 o7 state, at odds with MD runs at high [K*], where the E188,
conformation is mostly observed and K* occupies the “W” site. These data corroborate that
the binding of Kyy is associated with the conformational change of E188, which could act as
a Kyy functional recruiter.

To further understand the influence of K* concentration on the E188-mediated recruitment
of Kyy and to estimate the energetics of such process, we performed free-energy simulations
using well-tempered metadynamics at both optimal (200mM) and low (25mM) [K*] (Figure

ACS Catal. Author manuscript; available in PMC 2022 February 09.
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S7). The torsional angle E188-6 was used as a collective variable to sample multiple inner
<> outer conformational swings of this residue in both directions. At optimal [K*], the
free-energy profile for such a conformational switch, when going from E188,,,to E188 o1
conformations, showed a barrier of ~6.2 kcal mol=1, while at low [K*] was ~3.7 kcal mol~1
(Figure S7). Additionally, the E188 o,7t0 E188 5 conformational swing displayed a barrier
of ~3.2 kcal mol~1 at optimal [K*], while at low [K*] it was ~2.4 kcal mol~1 (Figure

S7). Such low barriers are consistent with the conformational changes observed in our
equilibrium simulations. Additionally, the slightly smaller barriers at low [K*], compared to
the barrier at high [K*], is in line with the result from unbiased MD, overall indicating that a
more frequent conformational change of E188 may thus favor the recruitment of one K* ion,
from the bulk to the “W” site.

Finally, four MD simulations of the reactant were performed at high [Mg?*] (80mM [Mg?2*]
and 75mM [K™*], three MD runs of ~1 us each), which was experimentally shown to

reduce RNA hydrolysis through the so-called attenuation effect.36 In these simulations,
despite E188 is stabilized in the E188y conformation, no K* ions are captured at “W”

site (Figure S8). This is because an additional Mg2* metal ion locates at ~4.53 + 0.11

A from the Psc; (Figure S5), close to the “W” site (v7z., Myy) and directly binds E188,
closing the accessibility of the “W” site to K* ions (Figure S8E). In this way, this third
Mg?2* ion hampers the dynamic recruitment of Kyy, preventing the formation of the K*
metal cluster for catalysis at high [Mg2*]. This finding may thus represent an explanation
of the attenuation effect.28:37 Notably, these results were confirmed through multiple MD
runs using three different non-bonded models for Mg2* (Figure S8). Indeed, despite Mg2*
parametrization can affect the Mc-E188 binding mode,38 and the dynamics of E188 (Figure
S8A-D, lower panel), still high [Mg2*] reduces the E188 inner <> outer conformational
switch, regardless the ions” model. In turn, the conformational preference of E188 prevents
the E188-mediated recruitment of Ky for catalysis.

Taken together, MD simulations of the reactant state reveal an ordered dynamics of cations,
which agrees well and adds further clarification to recent hypotheses based on experimental
data.36 Accordingly, the catalytic site of RNase H1 initially contains only Ky, which is
released just upon the reactants' alignment, so prone to catalysis — in general agreement with
the mechanistic proposal by Samara and Yang.36 In addition, the simulations reveal an inner
<> outer swing of the second-shell residue E188, which is suggested here to critically favor
the recruitment of one additional K* ion at the “W" site to form the reactant RNase H1
active site. In this way, this sequence of dynamic events, which we show to be optimally
controlled by the ionic strength in solution, leads to a competent catalytic state (as in PDBid:
6DOB).36

Multi K* and Mg2* trafficking enhances product formation.

We performed MD simulations of RNase H1 in the product state to evaluate if and how
the ionic distribution in the vicinity of the active site is altered upon RNA hydrolysis.

The starting configuration included both catalytic metals Ma-Mpg and the additional Ky,
as observed after 600s of incubation when the RNA hydrolysis reached a plateau (PDBid:
6D0G).36 MD simulations have been performed in analogy with those of the reactant state
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(previous section), considering an initial reference, optimal ionic strength of 6mM [Mg?2*]
and 200mM [K™*].

In these simulations, Kyy stably coordinates the scissile phosphate Psc by locating at the
“W” site (Figure 3A, upper panel and S9A). Moreover, one additional K* ion transiently
locates at the “V” site (i.e., in the vicinity of the catalytic site, but in a distinct position
compared to the “W” and “U” sites). In this position, Ky, interacts with Pgc| (Figure 4A),
together with Kyy. Importantly, this transient Ky, ion superimposes well with the Rb* ion
observed in the X-ray data (PDBid: 6D0X).36 Interestingly, the simulations show that the
K196 side chain can also reversibly access the “W” site, when empty.

Three additional ~1ps-long MD runs considered a lower [K*] (i.e., 6mM [Mg2*] and 25mM
of [K*]). Here, a more frequent interchange between K* and K196 was observed (Figure 3B,
upper panel). At lower [K*], the “W” and “V” sites are often not occupied by K*, compared
to their occupancy at higher [K*]. Consequently, K196 is more often found to interact
directly with the phosphate leaving group (Figure 4B). This results in a stable configuration
of the Pgc; (Figure 3B, lower panel). On the other hand, when K196 more rarely accesses
the “W” site, a partial misfold of the Pg¢) is observed (Figure 3A, lower panel). These
findings, which are well reproduced in the simulation replicas (Figure S9), suggest that
K196 could be quite relevant for the precise accommodation and preliminary departure

of the solvent-exposed leaving nucleotides. Indeed, K196 can, at times, interchange with
Ky and Ky. As a result, the correct positioning of the phosphate of the leaving group for
departure is maintained (as observed in the PDBid: 6DOG, captured right before leaving
group departure).36 Notably, the positively-charged side chain of K196 locates at the W-site
(at ~2.7 A from Psc)) to H-bond the leaving group only if both Kyy and Ky, ions have
departed from the catalytic site (see Figure S9, where the only presence of Kyy still preserves
the hydrolyzed leaving group in place, at the two-metal-ion center).

Molecular simulations of the products have also been performed at increased [Mg2*] (i.e.,
80mM of Mg?* and 75mM of K*, five MD runs of ~1ps each) in line with the experimental
conditions. These simulations show that K196 can be replaced by a transient third Mg2*
ion, which locates at the “C” site (viz., M, Figures 4C). The approach of M¢ consistently
occurred in MD replicas, conducted using three different non-bonded models for Mg2*
(Figures 3C, lower panel and S9C-D). This finding matches the structural data obtained at
high divalent metals concentration (= 16mM), which identified such M¢ in a very similar
position, close to the leaving group (PDBid: 6DPD).36 Moreover, upon binding of M, the
internuclear Ma—Mp distance is increased (from 3.72 + 0.11 A to ~4.11 + 0.07 A, Figures
3C, lower panel), reflecting the destabilization of the active site’s architecture to prelude the
products’ exit. Thus, such a transient third ion seems recruited in the product state to favor
the leaving group departure, as seen in other nucleic acid processing enzymes.17:39:40

It is important to recall that MD of the reactants at high [Mg2*] have also shown that a
third Mg2* ion can locate in the vicinity of the catalytic site (Figures S5 and S8E). In that
case, however, the third Mg2* ion locates close to the “W” site and binds E188, hampering
the dynamic recruitment of Kyy and preventing the formation of the K* metal cluster for
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catalysis. Hence, taken together, the simulations at high [Mg?*] support the idea that a third
Mc ion could be recruited in the product state to favor the leaving group departure.17:39:40

These results are also in line with the structure of the K196A mutant (Figure S2B; PDBid:
6DPM).36 Here, M is missing, suggesting that the K196A mutation would somehow impair
product stabilization, disfavoring Mc recruitment for leaving group departure. To test this
hypothesis, we carried out two additional MD runs of the K196A mutant, at both low K*
(i.e., 6mM [Mg?*] and 25mM [K*]) and high Mg2* (i.e., 80mM [Mg?*] and 75mM [K*])
concentrations (~300 ns and ~1 ps, respectively). These simulations confirm that the K196A
mutant does not lead to M¢ recruitment, further sustaining the crucial role of K196 for
product stabilization and M¢ binding (Figure S11).

In summary, molecular simulations of the product state indicate that a controlled metal
trafficking at the catalytic site plays a critical role in RNA hydrolysis and product release.
Upon RNA hydrolysis, the potassium metal cluster breaks, while K196 contributes to
product stabilization before the third divalent M¢ ion can further favor product release (vide
infra).

Third Mg2* trafficking for product release.

In the products, upon binding of Mg, the internuclear Ma—Mpg distance increased (Figure
3C), suggesting that the active site might be prone to release the reaction products, as
observed in other two-metal-ion enzymes.17:3940 To further investigate how the unbinding
of the third M may facilitate product exit, we performed well-tempered metadynamics
simulations of the product state, which comprehends an extended metal cluster formed by
Ma-Mg, Mc, and Kyy. The gaussian-shaped potential was deposited using two collective
variables (CVs): (1) the coordination number of the M¢ ion, which traced the number of
water molecules in its first-shell; and (7/) the distance between M¢ and the scissile phosphate

(Psci-Mg).

Metadynamics identifies two main metastable states (viz.,, A and B, shown in Figure 5,
upper panel), which correspond to the two main minima of the computed free-energy
surface (FES, Figure 5, lower panel). In state A, M¢ and bridges the scissile and adjacent
phosphates (Psc) and Papy), while the catalytic D192 and the second-shell E188 establish
a monodentate interaction with Mc. In state B, M¢ loses the coordination with D192 and
gets bidentate coordination with the E188 carboxylic moiety. At this point, the rotation of
E188 shuttles the M metal out of the active site, together with Pap;, now located ~9 A
away from Ma-Mg. Notably, the base G*2 and the active site are completely exposed to the
bulk, and the distance between the catalytic Ma-Mg, reaches ~4.7 A, indicating the opening
of the active site for product release. The free-energy barrier estimated on the minimum
free-energy path for this process is ~15 kcal mol~1, with the unbound state B favored of ~6
kcal mol~1 with respect to the bound state A.

We also investigated the role of E188 in the product state via additional metadynamics runs
of the E188A mutant (Figure S2A). Remarkably, in these simulations, M¢ preserves the
coordination with the adjacent phosphate Pap; and D192 (state A’; Figure S12). However,
the absence of the E188 carboxylic moiety, which in the wt RNase H1 functions as an
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anchoring point for the exit of M¢ (Figure 5), strongly disfavors the release mechanism
(state B”, Figure S12). Indeed, in the E188A mutant, M¢ needs first to be partially hydrated
before being released together with the products, as shown by minimum free energy path
connecting the state A’ with B’ (Figure S12). Importantly, in this case, the estimated
energetic barrier for Mc unbinding and leaving group departure is ~35 kcal mol~! (Figure
S12), more than twice compared to the one obtained for the wt RNase H1. Moreover, in the
absence of E188, the bound state A’ results favored the unbound state B’ of ~18 kcal mol™1,
as opposed to what was observed in the wt RNase H1.

These results suggest that M¢ acts in concert with the second-shell residue E188 to promote
the release of the reaction products.

Discussion

Controlled cations trafficking and enzymatic strategy in RNase H1.

The RNase H1 enzyme is a fundamental endonuclease involved in DNA replication.2
Recently, time-resolved X-ray crystallography revealed the transient presence of multiple
K* and Mg2" ions at the active site of RNase H1, at different stages of catalysis.3®

Here, extensive molecular dynamics (MD) and free-energy simulations (over a sampling
of >27 us) characterized the functional dynamics of this newly determined heteronuclear
metal cluster before and upon enzymatic catalysis. Our simulations capture an ordered
coordination of motion of transient metal ions and second-shell residues for catalysis. We
show that four biding sites in the vicinity of the RNase H1 catalytic core, namely the “U”,
“W”, “V”, and the “C” sites (Figure 1), are neatly but only intermittently occupied by K*
and Mg2* metals during catalysis, in agreement with experiments.36

We observed that, before RNA hydrolysis (/.e., in the reactant state), a K* ions cluster is
dynamically formed to favor substrate alignment and, possibly, activation for catalysis. At
first, one K* ion transiently locates at the “U” site (viz.,, Ky) and assists in forming the
catalytically competent fold of the RNase H1 active site. This Ky, is spontaneously released
into the bulk only after the proper coordination between the scissile phosphate and the two
catalytic Ma-Mpg ions (Figure S4). At this point, the inner <> outer conformational swing
of the second-shell residue E188 favors the recruitment and the precise positioning of a
second K™ ion at the “W” site (viz., Ky, Figure 2), as also observed for enzymes such

as human Exo1.17 In RNase H1, this Kyy directly contacts the scissile phosphate to favor
the correct positioning of the reactants, prompting catalysis. Such Kyy can depolarize the
phosphodiester bond, thus promoting the catalytic activation of the reactants.1:20

Importantly, we found that this chain of dynamic (un)binding events of K* ions is
significantly affected by the reaction buffer's ionic strength. In fact, in agreement with /n
crystallo data showing that catalysis is reduced at low concentrations of K* (/.e., [K*]),36
MD simulations performed at low [K*] show that the E188-mediated recruitment of Kyy
occurs less frequently (Figure 2D). Accordingly, the inner <> outer conformational swing
of E188 is energetically favored at low [K*] with a barrier of ~3.7 kcal mol=1 vs. ~6.2
kcal mol~2 higher [K*] (Figure S7). The crucial role observed here for the E188-mediated
recruitment of Kyy is also sustained by both biochemical and structural evidence. Indeed,
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alanine mutation of E188 reduces the catalytic efficiency of RNase H1.36 As well, X-ray
structures have shown that such mutation displays no Kyy at the active site (Figure S2A),
at odds with the wt RNase H1.36 In line with this evidence, our MD simulations show
that the recruitment of Ky is dramatically hampered when E188 is restrained in its “out”
conformation (Figure S6C), as well as when E188 is mutated into an alanine (Figure 2A).
These findings support the E188-mediated mechanism for Kyy recruitment, which ensures
the reactants' proper formation. Notably, these results further corroborate the recruitment
role of second-shell residues for two-metal-ion catalysis, such as recently reported for
human Exol, ExoG, Exo-A and other 5’-exonucleases.’

Upon RNA hydrolysis, we observe an additional K* ion intermittently located at the so-
called “V” site, in the vicinity of the catalytic core. This Ky, ion coordinates the scissile
phosphate Pscy, together with Kyy (Figures 3A and 4A), as also shown by /n crystallo data
(PDBid: 6D0OX).36 We note that these Kyy/Ky, ions can interchange their distinct position
with the second-shell residue K196, near Psc; (Figure 3B and 4B). Indeed, such residues
favor the stabilization of the Pg¢-centered reaction products. The functional role of K196
in products’ stabilization is also sustained by the X-ray data of the catalytically impaired
K196A mutant of RNase H1 (PDBid: 6DPM),36 in which the products are misfolded and
no third Mg2* ion (M) is resolved. Accordingly, MD simulations of this mutant show that
the absence of this lysine induces the product’s misfolding and hampers the binding of M¢
(Figure S11). On the other hand, in the wt RNase H1, leaving group departure occurs when
the K* ions and K196 are ultimately displaced by a third Mg?*, which spontaneously sits at
the “C” site (viz.,, M¢) and binds Pgc; (Figure 4C). At this point, the internuclear Mao—Mpg
distance is increased (from 3.72 + 0.11 A to ~4.11 + 0.07 A), as the overall active-site
structure evolves towards the products (Figures 3C and 4C). This is in line with the X-ray
structure showing that the distance between the Ma—Mpg increases with product release
(PDBid: 2G8V), from 3.7 A to 4.8 A.#1 From this point, the leaving group departure is
expected to occur.

To further investigate the products’ release, metadynamics simulations show that M¢ is
involved in a step-wise product release mechanism. In detail, M initially bridges together
Psc) and its adjacent phosphate, Pap; (Figure 5, state A). In this conformation, M¢c
functions as a positively-charged anchor for E188. At this point, the swing of E188 occurs
with the simultaneous departure of the movable Mc, together with the reaction products
(Figure 5, state B), as also observed for other metalloenzymes.19:22:42-44 Thjs process occurs
with an estimated energy barrier of ~15 kcal mol~ (Figure 5). Metadynamics simulations
of the E188A mutant also confirm such a functional role of E188 for product release. In
this case, the estimated energetic barrier for the departure of the leaving group was ~35
kcal mol~1 (Figure S12), which is more than 2-fold higher than that in the wt RNaseH1.

In this regard, we note that in the human RNase H1, E188 corresponds to H264. Based on
both structural and biochemical analysis, 282941 this histidine residue has been proposed to
favor, together with the mobile C-terminal loop, the release of the products by altering the
coordination of Mp ion (Figure S14).

Such a dynamically controlled trafficking of positive charges at RNase H1 active site is
finely dependent on the specific ion concentration, as displayed in the X-ray experiments.
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In fact, MD of the reactant performed at higher [Mg?*] showed a third Mg2* ion that
spontaneously locates at the “W” site (viz., Myy differently located than M, Figure S5),
closing the accessibility of the “W” site to K* ions. In this location, Myy interacts with
E188 (Figure S8E), hampering the E188-mediated recruitment of Kyy and preventing the
formation of the K* metal cluster for catalysis. This mechanistic finding is of particular
interest in light of the so-called “attenuation effect”.28:37 Indeed, the precise location of
this third Mg?2* at the “W” site precludes the formation of a catalytic metal cluster, thereby
representing an explanation for the reduced RNA hydrolysis at high [Mg2*].

In summary, within the limits of the employed computational approach, our simulations
provide a dynamic characterization of metal ion trafficking and its interplay with
surrounding residues prior and upon catalysis. These results qualitatively describe an
enzymatic strategy in which an extended and heteronuclear cations cluster (K* and Mg2*
ions) is dynamically formed and disrupted, with the aid of second-shell residues. This
mechanism prompts the processing of RNA:DNA hybrids in RNase H1 (Figure 6). That
is, the RNase H1 cation trafficking starts with the binding of Kyy and Ky, which prompt
the alignment of the substrate (Figure 6A). At this point, Ky is released, and the RNA
hydrolysis can occur. Upon hydrolysis (/.e., product state, Figure 6B), Kyy is assisted by
another Ky, in neutralizing the negatively charged product. Finally, the exchange of these
two K* ions with a third Mg2* ion (viz., Mc) contributes to the product destabilization,
leading to the leaving group's release together with M¢ (Figure 6C) that precedes the
reaction turnover and the continuation of catalysis. Ab-initio simulations will now be
needed to evaluate the mechanistic and energetic implications of trafficking and strategic
localization of such cations for the chemical step of RNA hydrolysis at the reaction center.
Nonetheless, our classical simulations indicate that the controlled trafficking of cations,
observed over a multi-microsecond sampling, is crucial to promote the formation of catalytic
states that just precede and follow the enzymatic reaction for substrate hydrolysis.

Similarity of binding and trafficking of metals in other nucleic acid-processing
metalloenzymes.

It has been recently shown that conserved and positively-charged residues are strategically
located at the active core of, e.g., DNA or RNA polymerases and nucleases, at conserved
sites, expanding the two-metal-ion functional architecture of these enzymes.18:2040 On this
basis, we used structural analyses to investigate whether the mechanistic insights herein
provided may be shared among other nucleic acid processing enzymes. We found that the
binding sites “U”, “W”, and “V”, transiently occupied by K* ions in RNase H1, overlap
well with second-shell positions occupied by positively-charged residues in other enzymes.
In fact, the RNase H1 Kyy and Ky/Ky,, respectively, well superimpose with, e.g., R92 and
K85/G2(NH) in human exonuclease 1 (PDBid: 5V06, Figure S14A),° or with H539 and
R557 in HIV-1 reverse transcriptase (PDBid: 6BSH, Figure S14B),%° as well as with R100
and K93/G2(NH) in the endonuclease FEN1 (PDBid: 5UM9, Figure S14C).46

Structural analysis of FEN-1 bringing an alanine mutation of R100 (PDBid: 5KSE) revealed
that, in the absence of R100, an additional metal ion is captured in the same putative
“W” site before the catalysis.*6 Notable similarities also arise from our recent studies
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investigating the structure and the catalysis of the CRISPR-Cas9 genome editing system. We
found that the K970 and R972 residues within the catalytic RuvC domain also transiently
engage the so-called “W” and “U/V” binding sites at specific catalytic steps (Figure
S14D).4748 Together, these findings support that the trafficking of positive charges at
conserved regions of several metalloenzymes is strategically designed and controlled to
favor catalysis. In this context, we note that only one positively-charged residue is present

in the vicinity of the RNase H1 active site (/.e., K196), contrary to what is found in several
other two-metal-ion enzymes.184 This observation may be coupled to the highly solvent-
exposed localization of the RNase H1 active site when compared to those mentioned above
and second-shell basic residues-rich enzymes (see Figure S15). This may be why the RNase
H1 active site shows such prominent trafficking of multi-cations, in the lack of multiple
strategically located positively-charged residues in the surrounding of the enzymatic reaction
center. That is, multi-cations binding at the catalytic site may counterbalance the lack

of multiple second-shell positively-charged residues. As a matter of fact, this would not
represent the first example of its kind. Indeed, a similarly extended, heteronuclear cluster of
movable cations has been captured at the catalytic site of the group Il introns ribozymes (two
K*, K1-Ky: and two Mg2* ions, M1-M5), RNA-based enzymes that perform RNA hydrolysis
in the absence of (positively-charged) aminoacids.%->1 In group 11 introns, the position of
these ions has been shown to be conserved for catalysis, in analogy with positively-charged
residues in proteins.18:52 Importantly, we have recently demonstrated that such a structured
metal cluster needs to be dynamically formed and broken to guarantee the proper formation
of the introns’ catalytic core and favor the release of the reaction products, which matches
well what we uncover herein for RNase H1.53 Moreover, a recent high-resolution cryo-EM
map of the human spliceosome,>* which is structurally and chemically related to the group
Il introns, has revealed the presence of the same conserved heteronuclear metal cluster at its
active site, in strike agreement with a model system proposed years before.18:0 Together,
this evidence suggests that the controlled trafficking of cations may indeed be a common
enzymatic strategy to trigger and assist phosphoryl transfer reactions in living cells, which
has been evolutionary conserved and optimized in proteins. In light of these findings and
observations, this study shows that finely regulated and controlled trafficking of multiple
cations is an essential feature for the enzymatic-mediated hydrolysis of nucleic acids.

Conclusions

In conclusion, we have used extended atomistic molecular dynamics and free-energy
simulations to investigate the cations trafficking recently observed /n crystallo reaction
intermediates during catalysis of the RNA ribonuclease H1 (RNase H1) enzyme.36 Our
results illustrate a finely regulated trafficking of multiple and diverse cations with functional
implications at the reaction center of RNase H1. In agreement with the recent mechanistic
hypotheses and experimental data,38 our findings corroborate and sensibly expand the recent
notion of an extended two-metal-ion architecture for nucleic acid-processing enzymes.18
Such controlled metal ion trafficking in the vicinity of the catalytic reaction center seems
critically designed to aid catalysis in RNase H1, and possibly other similar nucleic-acid
processing enzymes. Taken together, these findings may encourage further investigations
related to enzyme engineering and drug discovery.
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Material and methods

Here, the catalytic intermediates of the RNase H1 captured by time-resolved X-ray have
been object of extensive molecular dynamics (MD) and enhanced sampling free-energy
simulations, with the goal of characterizing the dynamics of cation trafficking prior to

and upon RNA hydrolysis. Cation trafficking has also been investigated considering the
second shell E188A and K196A mutations and three different ionic strengths of the solution.
Overall, we collected a total of >27 us of MD multi-replica simulations.

Structural models.

To perform MD simulations, six systems were modeled based on the recently time-resolved
X-ray structures of Bacillus Halodurans RNase H1 in complex with an RNA/DNA hybrid
construct.3® First, the reactant state of the wild type (wt) RNase H1, as obtained from

the PDBIid: 6DOG (occupancy C), was considered (Figure 1B). Here, only the crystallized
metals Ma-Mg were included in the starting configuration to verify spontaneous binding
events of K* ions at the “U”, and “W” site. Second, the reactant state of the wt RNase H1
included the ions Ma-Mpg and Ky, as in PDBid: 6DMYV, to verify the stability of the Ky
bound state. Third, the reactant state of the E188A mutant included Ma-Mg, as in PDBid:
6DPO, to verify the effect of the mutation for the recruitment of Kyy. Fourth, we considered
the product state of the wt RNAse H1, modeled upon the PDBid: 6DOG (occupancy B),
including the crystalized ions Ma, Mg, and Ky (Figure 1C). Fifth, the product state of

the K196A mutant, built on the PDBid: 6DPM, included the crystallized metals Ma, Mg,
and Kyy (Figure S2B). Sixth, the product state of the EI88A mutant, as obtained from the
PDBid: 6DPO, included the crystallized metals Ma, Mg, and M¢ (Figure S2A). All the
systems were solvated with a layer of water molecules of 15A. According to crystallization
experiments, each system was simulated at multiple ionic strengths to characterize the effect
of the concentrations of the ions on their dynamics. Specifically, Mg2*, K* and CI~ ions
were added into the simulation boxes to match three different ionic strengths: (7) reference,
optimal concentrations, 6mM [Mg?*] and 200mM [K*]; (i) low K* concentrations, 6mM
[Mg2*] and 25mM [K*]; (7ii) high Mg?* concentration, 80mM [Mg2*] and 75mM [K™].

Molecular simulations.

The RNase H1 protein was parametrized with the AMBER force-field ff14SB,%° while

the RNA and the DNA of the hybrid were parametrized with AMBER force-field
RNA.OL356-59 and DNA.OL15.50 For the K* metal ions, the parameters of Joung and
Cheatham were used.51:62 The Mg?* ions were systematically modelled according to both
12-6 (Aqvist® and Allnér®4) and 12-6-4 (Panteva®®) non-bonded fixed point charge models,
to verify that the observed results were independent from the chosen set of parameters.38.66
Last, the two catalytic Mg2* ions Ma-Mg were modelled following the atom-in-molecule
charges’ partitioning scheme,®7 to consider also charge transfer between the ions and

the first-shell coordination residues. The TIP3P model was used for water molecule.%8
AMBER59.70 was used to perform Langevin’l MD simulations, using an integration time
step of 2 fs. The temperature was set at 300K using a collision frequency y = 1 per
picosecond, while the constant 1 atm pressure was controlled through Berendsen barostat’2
with a relaxation time of 2 ps.
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We used the same simulation protocol for all systems. First, we performed an energy
minimization to relax the water molecules. At this point, positional restraints of 300 kcal
mol-A2 were imposed to all the heavy atoms of the systems, including the metals. Then, we
used a series of NVT and NPT simulations to smoothly thermalize the systems and remove
the positional restraints. First, the systems were heated up with one NVT simulations of
~600 ps, using the same positional restraints as used during the energy minimization.
Subsequently, the positional restraints were progressively halved with a series of two NVT
simulations of ~200 ps each. Then, two additional simulations in the isothermal-isobaric
ensemble (NPT) of ~200 ps were performed by further halving the positional restraints,
while a third NPT run of ~2 ns was performed without any positional restraints to relax the
density of the systems to ~1.01 g cm™3. Last, we performed multiple-replicas production
runs to collect overall ~20 ps of simulation time. Specifically, we collected: ~9 us for the
pre-reactive state of the wild type, 9 replicas; ~9 ps for the post-reactive state of the wild
type, 9 replicas; ~1.3 ps for the post-reactive state of the K196A mutants, 2 replicas.

Metadynamics.

Two independent metadynamics simulations were performed to characterize the
conformational change of E188 in the pre-reactive state. To ensure the convergence of the
calculations, we used the well-tempered variant’3, setting the temperature at 300K and the
bias factor at 8. The gaussian-shaped potential (height = 1.2 kJ mol~2, width = 0.35 rad.) was
added with a frequency of 0.5 ps on the torsional angle E188-6 (between the E188 atoms
N-Ca-CB-C8). Overall, we collected ~400 ns at both high and low K* concentrations.

Additional well-tempered metadynamics simulations were performed to elucidate the release
of the M metal and the reaction products. The post-reactive state of both the wild type and
the E188A mutant was used as starting configurations for the two independent simulations.
Here, the temperature was set to 300K and the bias factor was set to 15. The coordination
number of the Mc, which defines the number of water molecules in the first coordination
shell, and the distance between the scissile phosphate and the M¢ were used as collective
variables (CV1 and CV2, respectively). The gaussian-shaped potential was added with a
frequency of 0.2 ps on both the CV1 (height = 0.3 kJ mol~1, width = 0.1) and CV2 (height =
0.3 ki mol~1, width = 0.5 A).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
RNase H1 catalytic intermediates captured by time-resolved X-ray crystallography.3° (A)

Overview of the RNase H1 (white) in complex with an RNA:DNA hybrid (green:red).

(B) Catalytic site before RNA hydrolysis (i.e., reactant state, PDBid: 6D09). The catalytic
residues forming the DEDD motif (D71, E109, D132 and D192; white) and the second
shell residue E188 (blue) are represented as sticks. RNA nucleotides (green) including

the scissile phosphate (Psc)) and its adjacent phosphate (Papy) are also shown. The two
catalytic magnesium ions Ma-Mpg (orange) and the additional potassium ions Ky, and Ky
(purple) are shown as spheres. (C) Catalytic site upon RNA hydrolysis (i.e., product state,
PDBId: 6DOX). Here, Ky is replaced by the third divalent metal ion M¢ (orange), or by the
monovalent Ky, (purple), while the second-shell residue K196 (yellow) can directly interact
with the scissile phosphate.
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Figure2.
Occupancy of positive charges (i.e., K* ions and K196) and conformational dynamics of

E188 in the reactant state. (A) Spatial distribution and number of K* ions around the scissile
phosphate (Psc) of wild type RNase H1, computed during MD simulations as the radius
of gyration, g(r), for K* ions at reference (green) and low (red) K* concentrations. In

both cases, K* ions are mainly found at ~2.77 + 0.24 A from the scissile phosphate, thus
located at the “W” site. The g(r) for K* is also computed during MD simulations of the
E188A mutant performed at reference concentration (brown). Here, the “W” site is never
occupied by K* ions. (B) Conformational change of the second-shell residue E188 (blue
arrow), pointing inside the active site (E188,y) and outside (E188pyT). (C) Occupancy of
the “W” site (upper panel) by K* ions (purple) and by K196 (yellow); and variation of

the torsional angle E188-6 (lower panel, computed between the N-Ca.-CB-C6 atoms) along
MD simulations at reference [K*]. Normalized densities are on the right. At optimal ionic
strength, the binding of K* is favored and E188 is stabilized in the E188;y conformation.
(D) Same descriptors as in (C) for MD simulations at low [K*]. Here, the binding of Kyy is
disfavored, substituted by K196, and the inner <> outer swings of E188 are more frequent.

ACS Catal. Author manuscript; available in PMC 2022 February 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Manigrasso et al.

Page 22

>

Reference - 6mM [Mg?*] & 200mM [K*]

YER —

2
@ WA e EEmm——
T P.., misfolds 0-00 0.25 0.50 0.75 1.00
e 21 » density
(S [ VW e s vt iy S "
g 34 [ ] K
8 ) I——— K196
35 . . . . . = Max-Mg

0 250 500 750 1000 ~ OpyMs

time [ns]

Low [K*] - 6mM [Mg?*] & 25mM [K*]

VH @ eamms ¢ a» @we oo =

site JJ

0.00 0.25 0.50 0.75 1.00

% 51 density
8 T —— . K
s K196
n 27
% 1 L) T T T = MA_MB
0 250 500 750 1000 ~ Ogy—Mg
time [ns]
C High [Mg?*] - 80mM [Mg2*] & 75mM [K*]
g V4 @ °
» WAq = -—— @ ee
T e ' ' M' ' 0.00 0.25 0.50 0.75 1.00
d T ¢ ‘ H
> 5 density
g A= ~ T o SOt e K*
8 31 K196
2 21 - Max-Mg
U T L T T T = O —M
0 250 500 750 1000 Rp—ViB
2 Mc—Psc
time [ns]

Figure 3.
Occupancy of positive charges (viz., K* ions and K196) and conformational dynamics of

the products. (A) Occupancy of the W and the V sites (upper panel) by K* ions (purple)
and by the K196 side chain (yellow); and distances (lower panel) between the catalytic ions
Ma—Mg (blue trace), and between the pro-Rp oxygen of the scissile phosphate and Mg
(Orp—Mg, red trace) during MD at optimal concentrations. Normalized densities are on the
right. (B-C) Same descriptors as in (A) for MD simulations at low [K*] (B) and at high
[Mg2*] (C). At low [K*], the interaction between K196 and the scissile phosphate is more
frequent (Figure 4B). At high [Mg2*], M¢ approaches the scissile phosphate (green trace
of Mc—Psc)), while the Ma—Mp distance increases, preluding the release of the products
(Figure 4C).
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Binding of M

Figure 4.
Snapshots of the RNase H1 active site upon catalysis. (A) In the product state, Kyy is

stably coordinated at the active site, while Ky, is only transiently observed. (B) Ky and Ky,
can exchange their position with K196, which directly coordinates the scissile phosphate
preventing its misfolding. (C) The third additional M¢ binds the scissile phosphate and
promotes the increase of the distance between the two catalytic Ma—Mpg ions for product
release.
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Figureb.
Role of M and E188 in the product release. Upper panel: intermediates states (A and B)

of the RNase H1 after phosphodiester bond cleavage, identified via free-energy simulations.
In state A, Mc is coordinated by E188. Upon rotation of this residue (state B), M¢ is
released with the departure of the adjacent phosphate (Papj). Lower panel: free-energy
surface describing the product release mechanism, indicating the two intermediate A and B.
The energy scale is in kcal mol™2, contours are traced every 3 kcal mol™1.
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Figure 6.
Controlled cations trafficking favors RNase H1 catalysis. (A) In the reactant state, Kyy and

Ky prompt the alignment of the substrate. At this point, K is released and the RNA
hydrolysis can occur. (B) Upon hydrolysis (i.e., product state), the negatively charged
product is neutralized by Kyy and another Ky, ion. (C) The ultimate exchange of these two
K* ions with a third Mg2* ion (viz. Mc) promotes the destabilization of the products, which
are then released together with M¢ to induce the reaction turnover and the continuation of
catalysis.
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