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Abstract

Water molecules are essential to determine the structure of nucleic acids and mediate their

interactions with other biomolecules. Here, we characterize the hydration dynamics of

analogous DNA and RNA double helices with unprecedented resolution and elucidate the

molecular origin of their differences: first, the localization of the slowest hydration water

molecules—in the groove in DNA, next to phosphates in RNA— and second, the markedly

distinct hydration dynamics of the two phosphate oxygen atoms OR and OS in RNA. Us-

ing our Extended Jump Model for water reorientation, we assess the relative importance of

previously proposed factors, including the local topography, water bridges and the presence

of ions. We show that the slow hydration dynamics at RNA OR sites is not due to bridging

water molecules, but is caused by both the larger excluded volume and the stronger initial

H-bond next to OR, due to the different phosphate orientations in A-form double helical

RNA.
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Water molecules are essential to determine the structure of nucleic acids,1,2 with e.g.

DNA conformation changing in dehydrated conditions,3 and tightly bound structural water

molecules identified in numerous RNA structures.4–7 Trapped water molecules have been

suggested to be essential for the structural dynamics and function of a ribozyme,8 and

RNA-drug interactions are mediated by long-lived water molecules.9 More generally, water

molecules in the hydration layer of nucleic acids are displaced during the formation of com-

plexes between nucleic acids (DNA or RNA) and proteins or small drugs, and thus, are a

central player in numerous biochemical recognition processes.10–12 Hence, it is essential to

understand how the properties of the hydration layer differ from those of bulk water, and to

pinpoint the molecular-level determinants of their dynamics.

DNA hydration structure and dynamics have thus been extensively studied, both experimentally—

with X-ray,13,14 neutron scattering,15 NMR,16–19 and ultrafast spectroscopy20–22—and with

molecular dynamics simulations.23–27 The picture emerging from those studies is that of a

strong spatial heterogeneity in the hydration dynamics with a very modest slowdown with

respect to the bulk in most of the hydration shell, and very long lived water molecules in

specific confined environments, such as narrow minor grooves. Some of us have shown28

that this spatial heterogeneity can be quantitatively explained at the molecular level by the

heterogeneity in both chemical composition and surface topography (i.e., the presence of

more or less confined sites at the DNA surface).

In contrast, RNA solvation has been much less studied, especially its dynamics. From a

structural point of view, X-ray scattering experiments1,29–31 have identified hydration sites—

phosphate groups being the most hydrated, followed by the ribose oxygen—and typical

hydration structures. Double-stranded RNA (ds-RNA), which differs from DNA only by its

ribose sugar instead of a deoxyribose and the nature of one of its nucleobases (U instead of

T), is found in solution as A-form duplexes, strikingly different from the B-form adopted

by ds-DNA (see SI Fig. S1) In this A-form, neighbor phosphate groups along each strand

are closer than in the B-form, which allows the formation of single water bridges between
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phosphate groups.1,31 Bridges between phosphate and solvent-exposed nucleobase atoms have

also been identified.1 The 2′-hydroxyl group, typical of the ribose ring, has been under special

focus, with water molecules suggested to form bridges between the 2′-OH and phosphate or

base atoms.29–31 However, while early studies suggested the 2′-OH group to be involved in

long-lived water bridges,31–33 molecular dynamics simulations showed that there is no long

lived hydrogen-bond between water and the 2′-OH group, and that water molecules with long

residence times (up to several hundreds of ps) are found instead next to the phosphate oxygen

atoms,34–38 with long-lived water bridges between successive OR phosphate oxygen atoms.

More recently, molecular dynamics simulations have shed light on the solvation dynamics

of specific RNA sequences and folds,9 such as ribozymes and riboswitches,6,8,39 rRNA,5,40

and RNA kinck turns,41 identifying different solvation patterns associated with different

conformations and finding a few very long lived hydration water molecules in specific, buried

locations.

However, a general understanding of the molecular features that govern DNA and RNA

hydration dynamics and that explain their differences has remained elusive. The broad

variety of RNA folds makes it difficult to draw general conclusions on RNA hydration and

the extent of its differences with that of DNA from these studies on specific sequences.

Hence, in this work, we compare RNA and DNA hydration reorientation dynamics using

short model double-stranded sequences adopting the typical helical conformations (A-form

for RNA, B-form for DNA), and obtain for the first time a picture of the hydration dynamics

at a single-site resolution. Combining our simulations with an analytic model to describe

the mechanism of water reorientation and the impact of a biomolecular interface, we then

provide an unprecedented molecular level rationalization of the main differences between

ds-DNA and ds-RNA hydration dynamics.

We performed 100 ns-long molecular dynamics (MD) simulations of two 18-mers (GC-

CGCGCGCGCGCGCGGC and GCGGGGGGGGGGGGGGGC, later named "GCGC" and

"GGGG"), based on the systematic study conducted by the ABC consortium,42 using the
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Amber force field for nucleic acids in its parmbsc0 version43 with χOL3 modifications for

RNA molecules,44 and SPC/E water molecules.45 Following the same strategy as in previous

works by Auffinger and Westhof,37 we chose the 18-mers to contain only GC base pairs, so

that the only chemical difference between the DNA and RNA systems is the sugar—ribose

in RNA and deoxyribose in DNA. The preparation of the systems, simulation setup and

structural analysis are detailed in Supporting Information.

Despite very similar chemical compositions, the ds-DNA and ds-RNA 18-mers adopt

strikingly different helical conformations (Figure 1 and S1). Consistently with previous

structural studies, the simulated DNA B-form helices have a very narrow minor groove

(width around 7.5Å), while the major groove is much wider (see SI Figures S3-S4 and

Table S1). In contrast, for the RNA A-helix, the major groove is narrow (width around

6Å) and very deep (typical depth of about 10Å), whereas the minor groove is wide (width

around 10Å) and shallow.

Figure 1: Maps of the site-resolved reorientation time τreor for water molecules in the hy-
dration shell of a) DNA GGGG, b) DNA CGCG, c) RNA GGGG, and d) RNA CGCG
sequences. The surface of the nucleic acid is colored according to the τreor value computed
at each site. Snapshots were prepared using the VMD software.46

Following a strategy previously successfully applied to proteins and DNA,28,47,48 we per-

formed a site-resolved analysis of water dynamics in the hydration shell of these RNA and
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DNA 18-mers. Water dynamics in biomolecular hydration shells can be monitored in differ-

ent ways. Commonly used residence times focus on the time spent by water molecules in

the vicinity of a given solute site. However, such times can only be probed indirectly in the

experiments and very sensitively depend both on the exact site definition and on the time

allowed for transient excursions outside the site.49 Here, we rather focus on water reorien-

tation dynamics, which is measurable by NMR.50 This rotational dynamics is very closely

linked to the reorganization dynamics of the H-bond network,51,52 and thus reports on the

lability of the hydration shell.

Water molecules were assigned to the nucleic acid hydration shell and to specific sites on

the biomolecule following simple geometric criteria (see details in SI). Site-resolved hydration

reorientation dynamics was then quantified with the reorientation time τreor, obtained by nu-

merical integration of the reorientation time-correlation function averaged over the ensemble

of water molecules initially assigned to each site. The retardation factor ρreor quantifies the

slowdown in hydration dynamics with respect to the bulk.

This strategy allowed us to obtain spatially resolved maps of hydration dynamics of the

DNA and RNA double helices under study (Figure 1). While earlier simulation studies,

with limited statistics, relied on averaging water dynamics over equivalent sites in different

base pairs along the sequence,37,38 our simulations are long enough to allow examination of

converged dynamical properties at a single-site level, as demonstrated by the estimated error

bars associated with the computed single-site jump and reorientation times (see SI), that

are much smaller than the variations that we will discuss.

The hydration dynamics of both DNA and RNA helices present common features. They

are spatially very heterogeneous: while most of the hydration shell water molecules, in

solvent-exposed sites, are only moderately slowed down compared to bulk water (τreor <

10 ps, i.e. ρreor < 6), water molecules located in the narrow grooves (DNA minor groove and

RNA deep major groove) exhibit a dynamics up to 15-20 times slower than the one observed

in the bulk. These findings are consistent, for DNA, with NMR MRD measurements18 that
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evidenced a moderate 6-fold slowdown in most of the hydration shell, and the presence of a

few water molecules in the grooves with longer ∼ 200 ps residence times. It contrasts with

the bulk-like diffusion dynamics suggested by Overhauser effect dynamic nuclear polariza-

tion, which provides an estimate of the translational dynamics of water molecules within

about 10Å of the probe.19 The discrepancy between these recent experiments and other

experimental and computational techniques53 still remains to be explained, and could be

related either to the impact of the probe on water dynamics, or to some assumptions used in

the model to interpret the data. Interestingly, as noted in earlier computational studies,37,38

the location of the slowest water molecules differs between DNA and RNA sequences: in

DNA, they are found at the floor of the groove, where they are H-bonded to DNA bases,

whereas in RNA they lie on the side of the major groove, next to the phosphate groups.

However, the spatial resolution of such maps is limited by the diffusion of water molecules

away from their initial location during the time course of the reorientation TCF calculation.

A better resolution is offered by the examination of H-bond jump times, which also allows

examining the molecular determinants of the hydration dynamics spatial heterogeneity. As

previously shown,51,52 water reorientation occurs mainly through large angular jumps that

occur during exchanges of H-bond partner.28,47,54,55 Since a water molecule needs to exchange

H-bond acceptor to move away from an initial H-bond acceptor site on the DNA or RNA

surface, the jump time (see Supporting Information) reports on the H-bond dynamics at a

very well defined location, or "site". Maps of the jump times on the nucleic acids surface

(see SI Fig. S9) show very similar characteristics as that of reorientation times, confirming

indirectly that the jump is indeed the main ingredient of water reorientation in the hydration

shell.

To gain further insight into the spatial heterogeneity and examine the impact of different

features of the DNA/RNA environment on the hydration dynamics, we split the overall jump

time distributions (Figure S7) according to the nature of the nearby nucleic acid site: H-bond

acceptor sites (e.g., phosphate groups, O or N atoms on the base), H-bond donor sites (e.g.,
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ribose OH groups), and hydrophobic groups (e.g., -CH2- groups). In line with the findings

from earlier studies on proteins and DNA,47,54 the main peak of the jump time distributions

is located at around τjump ≃ 6 − 7 ps, only moderately slowed down with respect to bulk

water τ bulkjump ≃ 2.5 ps (i.e. a retardation factor of about ρjump = 2.5− 3), and mostly comes

from water molecules located next to the biomolecule hydrophobic and H-bond donor groups

(Figure 2a). We specifically examined the hydration dynamics of the ribose 2′OH group in

RNA, where early structural studies have suggested long-lived hydration patterns,31–33 that

were not observed in subsequent molecular dynamics studies.34–36 Our simulations show no

sign of long-lived hydration patterns, and the hydration dynamics at these sites is only

moderately slowed down, with a jump time of about 5–6 ps (i.e. ρjump = 2− 2.5).

We now focus on the sites with slower hydration dynamics, where differences between

DNA and RNA hydration dynamics are the most pronounced. In DNA, the tail of the jump

time distribution is exclusively associated with water molecules next to H-bond acceptor

groups on the bases in the minor groove: G(N3), with τjump ∼18–20 ps, and C(O2), with the

slowest timescales, τjump ∼24–31 ps. In contrast, these sites have a much faster hydration

dynamics in RNA (τjump ∼9–10 ps) and the slow jump times (τjump >20 ps) are linked to

water molecules hydrating the phosphate backbone. Another striking feature is that the jump

time distributions in RNA exhibit two distinct peaks, associated with phosphate hydration,

at 17 ps and at nearly 30 ps, while the corresponding peaks in DNA are much closer around

15 and 19 ps (Figure 2b). More specifically, the peak corresponding to water with slower

dynamics is associated with the pro-Sp phosphate oxygen atom hydration ("OS") in DNA,

whereas the characteristically slowed down water molecules in RNA (peak around 30 ps) are

part of the hydration of the pro-Rp ("OR") phosphate oxygen.

This split between RNA phosphate OR and OS hydration dynamics has been noticed

in previous works,34,37,38 with, however, very long residence times, of respectively 500 and

700 ps for phosphate OS and OR, two orders of magnitude slower than our jump times.

This apparent discrepancy originates from the different probes of water hydration dynamics.
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While we report reorientation times (in agreement with NMR) and H-bond exchanges, these

earlier works consider residence times—which rely on criteria (e.g., site definition, treatment

of transient escapes) that can significantly affect the results49—and report the longest time

observed during their simulation. The distributions of H-bond lifetimes computed on our

RNA GGGG trajectory for the OS and OR sites (see SI Figure S11) present a very long

exponential tail, as expected for a Poisson process. The longest observed lifetimes depend

on the simulation length: the longer the simulation, the more likely it is that a rare long-lived

H-bond is observed. In our simulations, they are around 250 ps for OS, and over 550 ps for

OR, even if the characteristic timescale associated with the jump dynamics at these sites

is much shorter ∼ 30 ps. We therefore focus on the characteristic jump times instead of

the longest residence times which are simulation length dependent and report only on rare

events.

All the key identified features—overall shape of the jump time distributions, nature of

the sites with slowest dynamics, split in hydration dynamics of RNA phosphate oxygens—

are very similar in the two studied sequences, GGGG and GCGC (see Fig. 2 and Fig. S8).

The average jump time at key hydration sites (e.g., 2′OH, phosphate OS and OR) is identical

in both sequences within the computed error bars (see SI)). Interestingly, the only significant

difference with alternating base pairs is observed at the slow O2(C) on the floor of the DNA

minor groove, with an average jump time of 24.4 ± 1.1 ps in GGGG and 31.2 ± 2 ps in

GCGC. This sequence dependence of the dynamics at slow sites in the groove is here specific

to DNA, which is consistent with previous work.38

The slow hydration sites, phosphate groups and the floor of narrow grooves are also

key interaction sites with ions and proteins, and thus often involved in the formation of

protein-nucleic acid complexes and drug binding events. We thus want to go beyond the

high-resolution site-level characterization of differences between DNA and RNA hydration

dynamics. We now seek a physical understanding of the molecular origin of these differences,

focusing on the slow sites and starting with phosphate hydration, where we found distinctly
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Figure 2: a) Distributions of jump time τjump for water molecules in the hydration shell
of both DNA- and RNA- GGGG sequences, decomposed into contributions from water
molecules assigned to hydrophobic sites ("hpb", orange), H-bond donor sites (green), and
H-bond acceptor sites (blue). b) Distributions of jump time τjump for water molecules H-
bonded to acceptor sites in the hydration shell of both DNA- and RNA- GGGG sequences,
decomposed into contributions from water molecules hydrating the sugar (pink), base (red) or
phosphate (blue) moieties. Phosphate acceptors are further decomposed into OR (squares),
OS (circles) and O3′ or O5′ (triangles) atoms. Plots were prepared using Matplotlib,56 using
a bin width of 0.7 ps.

slower hydration dynamics next to phosphate OR sites in RNA. In A-RNA, water molecules

have been found to bridge neighbor phosphate groups, and suggested by simulations to form

long-lived water bridges.1,31,34 In our simulations, successive phosphate OR oxygen atoms

along each strand are indeed bridged by a single water molecule 43% of the time. However,
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these water bridges are not responsible for the slow hydration dynamics encountered around

the phosphate groups, since the jump dynamics of water molecules initially H-bonded to a

phosphate OR atom are very similar irrespective of whether the second hydrogen atom is

H-bonded to the neighbor phosphate group (bridge conformation) or to water (not bridge)

(see SI Fig. S10). In other words, the H-bonds formed by a water molecule in bridge between

two phosphate groups are not longer lived than those of other water molecules bound to the

phosphate OR. This finding nuances the usual picture of long-lived water bridges between

RNA phosphates. However, the location of the "bridging" water molecules is much better

defined by the 2 H-bonds with the phosphate backbone compared to singly-bound water

molecules, which leads to a higher water density at those specific locations and explains

their better resolution in X-ray experiments.1

Since the peculiar slowdown at RNA OR sites is not due to long-lived water bridges,

we now use our jump model55,57 for water reorientation dynamics to identify the physical

determinants of the slowdown next to these sites in DNA and RNA, and understand which

physical factors cause the split in water reorientation dynamics between the two phosphate

oxygen atoms in RNA. Previous works54,55,57 have shown that the effect of the environment

on the jump time can be quantified through two main factors, ρ = ρTSEV × ρTSHB (details

in SI). The entropic Transition-State Excluded Volume (TSEV) factor, ρTSEV , quantifies

the slowdown due to the presence of a nearby solute that hinders the approach of the new

acceptor. The Transition State Hydrogen Bond (TSHB) factor ρTSHB describes how the

nature and restraints imposed by the solute modulate the free energy cost to elongate the

initial H-bond to its transition-state geometry.

The retardation factor predicted by our extended jump model compares well with that

effectively observed in our simulations ρjump (Fig. 3), which demonstrates the validity of

the model. While our model slightly underestimates the absolute value of the retardation

factor, it captures almost quantitatively (see Table S2) the split in hydration dynamics

between the phosphate OR and OS atoms, both in RNA and DNA, which is key for our
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purpose here. Note that explicitly taking into account the excluded volume coming from

background potassium counterions is required in RNA to capture the full extent of the

split (see Table S2) and recover a better estimate of the absolute value of the retardation

factor, while it has only a very minor impact in DNA. The decomposition into the different

molecular factors determining the jump time (Fig. 3) shows that the split in RNA between

the hydration dynamics of the two phosphate oxygen atoms originates both from the larger

excluded volume next to OR—coming both from the RNA and the counterions—and from

the stronger initial H-bond at this oxygen.

These two effects can be linked to the distinct helical conformations of B-DNA and A-

RNA helices, as the orientation of the phosphate groups strongly differs between the two

double helical conformations (Figure S1). The phosphate group points away from the helix

principal axis in B-DNA, whereas it is more parallel to the axis in A-RNA (see αOP2 angle

in Figure 4a and b). This results in different orientations of the phosphate oxygen atoms:

in DNA, the two oxygen atoms point outside the groove, thus resulting in similar hydration

dynamics for the two phosphate oxygens due to similar environments, whereas in RNA, OR

strongly points towards the inside of the groove (see Figure 4a,c,d with very small values of

αPR
). This logically results in larger excluded volumes (larger ρTSEV ) at OR. It also imposes

stronger restraints on the elongation of the initial water-phosphate H-bond—the H-bonded

water in this case being confined inside the groove— thus leading to a larger ρTSHB, and

overall to a significantly more pronounced slowdown.

In A-RNA, the close proximity of phosphate groups on both sides of the major groove,

as visible on Figure 1 and quantified by the width of the RNA major groove—which is even

narrower than the DNA minor groove (see SI Figure S3)—also leads to a different structure

of the ion cloud around RNA and DNA (see Fig. S13), as already described in previous

works.37,38 In particular, we note in RNA a larger density of K+ counterions next to the

phosphate groups, in the major groove and close the OR atom. In DNA, the cations are

mainly at the bottom of the major groove next to the bases and along the helix principal
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Figure 3: Correlation between the retardation factor for phosphate OR and OS atoms, di-
rectly computed from jump times (ρjump), and that predicted with different components of
the Extended Jump Model: ρTSHB, ρTSEV or ρTSEV × ρTSHB. ρTSEV is calculated taking
only into account the nucleic acid excluded volume (filled circles), or included that coming
from the ions (empty circles). Plots were prepared using Matplotlib.56

axis, with a much smaller density next to the phosphate groups. This explains why inclusion

of the excluded volume due to the counterions was necessary to capture the full extent of

the slowdown and the split in hydration dynamics between the two phosphate oxygen atoms

in RNA, but not in DNA. Note however that the increase of the slowdown due to the ions

predicted by our jump model, while noticeable for RNA OR, remains very modest (factor 1.1
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Figure 4: a) Definition of the unit vectors used to define the angles αOP2, αPR
and αPS

. c)
Average and standard deviation of the angle αOP2 for the GGGG-DNA (blue) and GGGG-
RNA (red). Bottom: Average and standard deviation of the angle αPi

for GGGG-DNA (d)
and GGGG-RNA (e) (light blue for the angle αPR

and blue for the angle αPS
). The plots

were prepared using Matlab.58

on average). In addition, the decay of the jump correlation function is independent of the

initial presence of a counterion in the water hydration shell (see SI Figure S14), which shows

that the memory of the ion presence is lost faster than the typical jump time. Therefore,

the presence of slow water molecules cannot be ascribed to that of ions near these locations.

Now that we have rationalized the differences in hydration dynamics at the phosphate
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groups, we use our jump model to investigate why the acceptor sites with slow hydration

dynamics in the DNA minor groove (cytosine O2, τjump ∼24–31 ps), have a much faster

hydration dynamics in RNA, where they are on the floor of the shallow groove (τjump ∼9–

10 ps) (see SI Figure S15). There, the jump model does not work quantitatively, because

it focuses on jumps to (bulk) water, whereas at these confined locations in narrow grooves

about half of the jumps occur towards another acceptor site of the biomolecule (see SI

for a detailed discussion). However, our model does qualitatively capture the difference in

dynamics at these sites between DNA and RNA:
ρDNA
jump

ρRNA
jump

≃ ρDNA
TSEV × ρDNA

TSHB

ρRNA
TSEV × ρRNA

TSHB

∼ 3. The larger

retardation factor predicted from our jump model at these sites in DNA comes both from

a larger excluded volume at these sites (ρDNA
TSEV /ρ

RNA
TSEV ∼ 1.5) and from a stronger initial H-

bond (ρDNA
TSHB/ρ

RNA
TSHB ∼ 2), so that jumps to water acceptors are slowed down. In addition,

jumps to nucleic acid acceptor sites (mainly N3(G)) also appear less favored in DNA then

RNA. This can also be linked to the different double helical geometries, that position N3(G)

a bit further from O2 in B-DNA than A-RNA (on average 4 vs 3.6 Å).

In contrast with this successful determination of the molecular origin of changes in hydra-

tion dynamics, the jump model cannot rationalize the slower dynamics observed in DNA at

the O2(C) sites on the floor on the minor groove for the GCGC sequence (ρjump(GCGC)/ρjump(GGGG) ≃

1.3), as the computed TSEV factor (with or without ions) predicts the reverse ordering

(ρTSEV (GCGC)/ρTSEV (GGGG) ≃ 0.8). This shows the limits of our Jump Model which

was not designed to work in such confined and restrained environments. Rationalizing at

the molecular level the sequence-dependence at slow sites on the DNA minor groove would

deserve additional investigation in future work.

In summary, we obtained an unprecedented high resolution mapping of the hydration

dynamics around analogous ds-RNA and ds-DNA 18-mers, which allowed us to highlight,

beyond apparently similar features with an average moderate slowdown, key differences. We

rationalize these differences and obtain a physical understanding of their molecular determi-

nants thanks to an analytic jump model. In RNA, the slowest water molecules belong to the
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phosphate hydration, while they are located close to the bases in the minor groove in DNA.

Focusing on phosphate hydration, the two phosphate oxygen atoms OR and OS exhibit very

distinct dynamics in RNA, which is not the case in DNA. The specific slowdown of OR hy-

dration is not due to the presence of water molecules bridging successive phosphate groups,

that have similar dynamics to that of non bridging hydration water at these sites. Instead,

we showed, using our Extended Jump Model, that it is caused in RNA by both a larger

excluded volume and a stronger initial H-bond next to OR. These two factors originate from

the markedly different phosphate orientations in RNA, which result from the different double

helical conformation of B-DNA and A-RNA. The same framework was used to rationalized

the absence of slow sites in the RNA grooves.

While this work has focused on two specific GC-rich sequences, the main features of DNA

and RNA hydration dynamics (e.g., heterogeneity and location of fast or slower hydration

sites, split of RNA phosphate hydration dynamics, nature of the slowest sites) have been

linked to the overall shape of the double helix (A-form vs B-form) rather than to specific

chemical features of the bases, so we expect all these observations to be similar in AT/U-

rich sequences. The main difference can be expected at slow sites at bases on the floor of

the DNA minor groove, where we already see here a difference between GGGG and CGCG

sequences. In addition, we know from previous work that AAAA-rich sequences have narrow

minor grooves, where we expect much slower hydration dynamics.13,18,27,28 The dynamics in

the grooves could be further sensitive to small changes in helical conformation, that can be

experimentally modulated for instance by the background salt concentration and nature,59

and in simulations can depend on the force field used for water, nucleic acids and ions.60

Hydration dynamics at these sites and its sequence-dependence will be investigated in future

work.

The molecular-level understanding of RNA hydration dynamics provided by such ap-

proaches will be important in a number of contexts. These include drug binding and the

formation of protein–nucleic acid complexes12—key for the regulation of gene expression—as
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well as the the formation of RNA–protein biomolecular condensates through liquid/liquid

phase separation, as these processes all involve dehydration of the slowest RNA hydration

sites, phosphate groups and grooves. Depending on the relative timescale of binding and wa-

ter dynamics, hydration dynamics can play an important role in those essential biochemical

processes.
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