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H I G H L I G H T S

• Hairpin ribozyme was simulated in
explicit water by using replica-ex-
change molecular simulations at am-
bient and high hydrostatic pressure
conditions.

• Hydrostatic compression has a negli-
gible effect onto the H-bonding net-
work of water molecules with the
hairpin ribozyme.

• The interstitial water density sig-
nificantly increases at multi-kilobar
pressures, whereas the H-bonded
water density remains largely un-
affected.
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A B S T R A C T

Solvation by water plays an important role in the functional dynamics of biomacromolecules such as proteins or
nucleic acids. This suggests that changes in solvation might drastically affect their functionality. Among other
solvation stressors such as temperature, cosolvents or crowding agents, applying pressure in the multi-kilobar
regime is known to modulate the hydration pattern of solutes, from simple to complex. In this study, we si-
mulated a hairpin ribozyme, being catalytic RNA, using extensive replica-exchange molecular dynamics simu-
lations at ambient and high hydrostatic pressure conditions. By dividing the coordinating water molecules
present in the first solvation shell of the ribozyme into two subgroups, namely H-bonding and interstitial water,
we discover that the H-bond network remains essentially unaffected even upon compression to 10 kbar com-
pared to the 1 bar reference pressure. In stark contrast, the contribution of interstitial water significantly in-
creases upon compression to 10 kbar, which discloses a differential effect of pressure perturbation on the sol-
vation state of this ribozyme. In simple words: the increased water density due to compressing the aqueous
ribozyme solution is locally accommodated by mainly pushing water molecules into the interstitial space offered
by the existing H-bonding network of this RNA species. Given the molecularly generic nature of this finding, we
expect it to hold true also for other biomacromolecules in aqueous solutions at high hydrostatic pressures, such
as DNA or proteins.
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1. Introduction

Water is the universal solvent which supports all known forms of
life. Its structural, dynamical and H-bonding properties are central to
many processes from physics to chemistry to biology. In particular, it is
now well established that water plays an integral role not only in the
conformational dynamics, but also in folding and function of bioma-
cromolecules such as proteins and nucleic acids [1–11]. The change in
solvation of biomolecules affects their effective interactions with water
thus their folding dynamics [12–16]. Since more recently, the solvation
of biomolecules has been shown to change under high hydrostatic
pressure (HHP) conditions [14,17,11,18], meaning upon entering the
multi-kilobar hydrostatic compression regime. Among the driving ideas
behind this line of research is that understanding biomolecules at such
high pressures can elucidate the solvation not only of the low free en-
ergy states, but also provides insights into their excited conformational
states, which are not much populated at in equilibrium at ambient
conditions, yet highly relevant to dynamics and thus function [19–24].
More generally speaking, high-pressure research in biological sys-

tems [25,19,26–28,20–22,29,30,31,32,24] is tremendously important
since pressure can serve as a control parameter to probe the thermo-
dynamics and kinetics of biomolecular processes, for instance in the
realm of folding and unfolding [33,23]. Pressure can be used to mod-
ulate biological activity [34], to induce or inhibit the formation of
aggregates [35–37,31,32], and to modify the solvation [14,17,11,18].
Although high-pressure effects have been investigated thoroughly for
proteins as extensively reviewed over the years
[19,26,38,27,21,20,22,24] (see original literature therein), similar
studies on nucleic acids such as RNAs are more scarce [39–50].
Therefore, in what follows, we focus on the pressure-induced molecular
solvation changes of hairpin ribozyme, an RNA catalyst, based on our
previous insights gained into its purely conformational pressure re-
sponse [49,50].
Ribozymes are of immense interest in biology due to their putative

role in early life at extreme conditions [51,52]. In general, ribozymes
are non-coding RNAs which act as catalysts in biological reactions just
as protein-based enzymes. Hairpin ribozyme catalyzes the site-specific
self-cleavage of phosphodiester bonds which unlike other ribozymes
does not require the presence of divalent metals ions in its active site
[53–56]. This ribozyme consists of two domains dubbed domain A and
domain B [55,57]. The reaction proceeds via formation of a complex
where both domains come in close contact and form a so-called docked
structure [58–61]. This docked structure [57] as depicted in Fig. 1
served us as the starting point for our simulation study.
In particular, studies have shown that highly structured water mo-

lecules are present at the active site of hairpin ribozyme which form a
H-bonding network and are important for structural dynamics as well
as catalytic functionality [62,63]. Studies have revealed that some of
these water molecules might even be judiciously placed to shuttle
protons in its self-cleavage reaction and, therefore, play an active role
in this ribozymatic reaction at ambient conditions [57,8,64,65].
Moreover, the solvation of ribozymes and their catalytic functionality
has been studied using pressure as a control parameter [44]. The
changes in the conformation and solvation of the ribozyme is associated
with a change in the volume which can be probed by applying high
pressures [39]. Indeed, high-pressure studies have revealed a loss of
water in the transition state [39,42]. Very recently, we have found that
the self-cleavage step of the hairpin ribozyme is accelerated [49],
whereas folding dynamics and docking of the loops, steps prior to self-
cleavage as such, is decelerated under high-pressure conditions. Based
on all this evidence, using pressure-induced perturbations of the sol-
vation state of hairpin ribozyme might provide valuable insights into
the role of water molecules in the folding dynamics and functionality of
hairpin ribozyme or RNAs in general.
In this work, we investigate the solvation of the hairpin ribozyme

especially in the context of how water molecules accommodate

themselves upon hydrostatic compression of the solution, and how the
H-bonding network changes under high-pressure conditions. This is
achieved based on extensive replica-exchange simulations using explicit
water and physiological salt concentration at ambient as well as high-
pressure conditions. The interactions are described in terms of an all-
atom force field [66–68] (see Section 2.2 for details) that has been
optimized and validated for RNA simulations [69–74], though some
deficiencies still remain (for which we refer the interested reader to the
original publications [75–77]).

2. Computational details and methods

2.1. Simulated system

Drawing on our earlier work [49,50], hairpin ribozyme was simu-
lated in explicit water at finite salt concentrations and 300 K, both at
ambient and high-pressure conditions. The initial structure of hairpin
ribozyme was taken from the protein data bank (PDB), being structure
2OUE [57]. The missing hydrogen atoms were added and the methyl
group at the 2′– oxygen of the A-1 nucleobase was replaced with a
hydrogen atom, which provides the structure of hairpin ribozyme
having all nucleobases in their respective canonical states. The ribo-
zyme was solvated by explicitly adding water molecules and Na+ and
Cl− ions as to neutralize the negatively charged ribozyme and to es-
tablish a salt concentration of 0.14M at 1 kbar. The resulting system
consisted of 44,346 atoms in total, including 1964 atoms of the ribo-
zyme, 14,083 water molecules, 95 Na+, and 38 Cl− ions. The system
was simulated at ambient and high-pressures of 1 bar and 10 kbar, re-
spectively, using extensive temperature replica-exchange molecular
dynamics simulations as to sufficiently sample the configurational
space (see next subsections for more details).
In a previous simulation study [50] of the same ribozyme but de-

voted to different questions, we already carefully validated both, the
stability of our system setup and the convergence of our statistical
sampling of the relevant local conformational space using three dif-
ferent states (including the one that is used here) at both pressure

Fig. 1. Hairpin ribozyme structure based on PDB structure 2OUE [57] along
with those water molecules that are within a distance of 3.5 Å from any atom of
the ribozyme, thus roughly representing the first solvation shell of the ribo-
zyme, from a representative molecular dynamics snapshot at 1 bar and 300 K.

N. Kumar and D. Marx Biophysical Chemistry 252 (2019) 106192

2



conditions, see Figs. 1 and 2 in the Electronic Supplementary In-
formation of Ref. 50. In particular, taking only the second half of the
available replica-exchange molecular dynamics trajectories provides
the same Gibbs free energy landscapes as using twice that length, thus
confirming local conformational convergence. Moreover, when com-
puting the average number of H-bonded and interstitial water mole-
cules around various groups (see below for context), we applied the
same approach of using only the second half of the trajectories. The
data reported in parentheses in Table 1 validate the convergence of our
statistics also for these configurational observables which provide the
basis for the present study.

2.2. Force field

We used the all-atom ff99bsc0χOL3 force field [66–68] for the ri-
bozyme. It has been extensively assessed in a number of studies to gain

insights into structural and dynamical properties of RNAs or ribozymes
[69–74] and found to allow for stable simulations at longer time scales
[78,79,69–74]. Still, some remaining deficiencies have been reported
recently [80,75–77] which remain yet to be analyzed thoroughly. Even
in view of some remaining problems with state-of-the-art nucleic acid
force fields, we are confident that the presently used one should be
reliable for the purpose of present study where we do not analyze large-
scale conformational fluctuations and dynamics of RNA, but rather
local intermolecular contacts with water molecules. This is supported
by recent studies where substantial agreement has been found with
experimental findings [72,73,49,74] based on this approach. We used
the TIP4P/2005 model to represent the water molecules in view of its
good performance at the level of both, generating the phase diagram of
ice [81] and describing the solvation of small biomolecules up to
10 kbar [82]. Finally, we took those force field parameters of Na+ and
Cl− ions which have been specifically optimized for biomolecular si-
mulations [83].

2.3. Preparation of the system and equilibration details

All simulations were performed using the Gromacs (version 5.0.2)
simulation package [84,85] at NpT conditions within an orthorhombic
box such that all atoms of the ribozyme molecule were at least 15 Å
away from the edges of the periodic simulation supercell (which got
filled with water). The leap-frog algorithm was used with an integration
time step of 2 fs. The constant temperature and pressure conditions
were maintained using the Nosé–Hoover thermostat [86,87] and the
Parrinello–Rahman barrostat [88] with time constants of 1.5 and 1.0 ps,
respectively, as implemented in Gromacs. The electrostatic interactions
were treated using the smooth particle mesh Ewald method [89] with a
real space cut-off of 12 Å; the distance to cut off the van der Waals
interactions was also set to 12 Å. All covalent bonds involving hydrogen
atoms were constrained using the LINCS algorithm [90].
A multi-step process was adopted to equilibrate the system as fol-

lows. First, the ribozyme was energy-minimized in vacuum using
simple steepest descent for 2000 steps. Second, after solvating and
adding ions as described above, the system was again energy-minimized
for another 10,000 steps. Third, a 2 ns simulated annealing simulation
was performed in the NVT ensemble where the system was first heated
from 50 to 404 K at a rate of 0.5 K/ps. At 404 K, the system was equi-
librated for another 500 ps and then was annealed down to 300 K at the
same rate. At that target temperature, the system was equilibrated
again for another 600 ps. At this stage, the system was further energy
minimized for 10,000 steps followed by another 500 ps of NVT simu-
lation at 300 K. This equilibrated system was finally used for the pro-
duction run in the NpT ensemble at 1 bar. The high-pressure simulation
setup was generated by increasing the pressure of that 1 bar system in

O

OHO

HH

HH

PO O-

O

NH

NN

N

O

NH2

N

NN

N

NH2

N

N

NH2

O

NH

N

O

O

G

U

C

A

(OS)

(OP)(OP)

(O2'H)

(OS)

(OS)

(OS)

(NS)

(NS)

(NS)

(NS)

(NS)

(NS)

(NS)

(NS)

(NS)

(NS)

(NS)

(O5')

RMP

(C2')
(C3')

(O3')
(P)

Fig. 2. The groups OP, O2′ H, NS, and OS shown
here represent the oxygen atoms of non-bridging
phosphate groups, 2′– hydroxyl groups, H-bonding
nitrogen-based groups (i.e. eNH2, eNHe, ]Ne),
and the]O groups of nucleobases of the hairpin
ribozyme, respectively. RMP represents the ribose
monophosphate unit whereas G, C, U, and A corre-
spond to guanine, cytosine, uracil, and adenine, re-
spectively.

Table 1
Number of H-bonded and interstitial water molecules OW (as well as their sum,
“all”) at 1 bar and 10 kbar at 300 K. Here, OP, O2′ H, NS, and OS represent the
oxygen atoms of non-bridging phosphate groups, 2′ – hydroxyl groups, H-
bonding nitrogen-based groups (i.e. eNH2, eNHe, ]Ne), and the]O groups
of nucleobases (see Fig. 2), respectively, of the ribozyme. For reference pur-
poses, these numbers are also computed taking into account exclusively the
bulk water molecules in the ribozyme simulations (see text for definition)
contributing the OW–OW data. The corresponding numbers from ab initio
molecular dynamics simulations of neat bulk water (obtained from analyzing
existing ab initio trajectories [17] using the present criteria) are labelled as
OWai–OWai. The numbers in parentheses have been computed using only the
second half of the available trajectories.

1 bar 10 kbar % Change

OP–OW H-bonded 2.60 (2.60) 2.83 (2.80) 8.8
Interstitial 0.83 (0.82) 1.21 (1.20) 45.8
All 3.43 (3.42) 4.04 (4.00) 17.8

O2’H–OW H-bonded 1.25 (1.26) 1.41 (1.45) 12.8
Interstitial 1.11 (1.12) 1.76 (1.80) 58.6
All 2.36 (2.38) 3.17 (3.25) 34.3

NS–OW H-bonded 0.49 (0.50) 0.57 (0.58) 16.3
Interstitial 0.38 (0.38) 0.65 (0.66) 71.1
All 0.87 (0.88) 1.22 (1.24) 40.2

OS–OW H-bonded 0.95 (0.94) 1.02 (1.02) 7.4
Interstitial 0.92 (0.92) 1.39 (1.43) 51.1
All 1.87 (1.86) 2.41 (2.45) 28.9

OW–OW H-bonded 3.50 (3.51) 3.52 (3.52) 0.6
Interstitial 1.50 (1.49) 3.60 (3.60) 140.0
All 5.00 (5.00) 7.12 (7.12) 42.4

OWai–OWai H-bonded 3.57 (3.57) 3.64 (3.64) 1.0
Interstitial 1.54 (1.54) 3.77 (3.77) 144.8
All 5.11 (5.11) 7.41 (7.41) 45.0
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25 intermediate steps up to 10 kbar while equilibrating each of them for
500 ps.

2.4. Temperature replica-exchange

We used temperature replica-exchange molecular dynamics (T-
REMD) simulations [91–93,41,94,95,76,48] to increase sampling of the
configurational space. The T-REMD simulations were performed both at
1 bar and 10 kbar pressure. Each of the simulations consisted of 64
replicas covering the temperature range from 300 to 404 K. The opti-
mized temperatures of these replicas were generated using a protocol
[96] available at http://folding.bmc.uu.se/remd/. The generated tem-
peratures of all 64 replicas are reported in Ref. [50].
The exchange of coordinates of adjacent replicas was attempted

every 2 ps and the exchange probability was determined from [97].

= +P i j min U U p p V V( ) (1, exp(( )( ) ( )( )))x i j i j i i j j i je

where βi=1/kBTi, Ti, Ui, pi, and Vi is the temperature, potential energy,
pressure, and volume of the system in replica i. The exchange prob-
abilities for both systems were in the range of 20–30%. After the
equilibration as described above, both systems were simulated each for
200 ns, thus providing us with a total of about 25 μs of sampling time.

2.5. Hydrogen bond definition

We adopted a standard geometric criterion to define H-bonding
[98–101]. According to this well-established procedure, a H-bond exists
if the distance between the donor and acceptor sites is less than or equal
to 3.5 Å and the hydrogen–donor–acceptor angle is less than or equal to
30°. In the present study, we have calculated the H-bonds between
different groups of the ribozyme and the water molecules as explained
in the next section.

3. Results and discussion

3.1. H-bonded and interstitial water molecules

A bird's-eye view of the solvated hairpin ribozyme such as the re-
presentative snapshot provided by Fig. 1 at 1 bar unveils that water
molecules are present at all sites, including loops and contact sites of
the domains. Certainly, any pressure-induced change of the solvation
state might impact on the folding or loop-loop dynamics of the ribo-
zyme, and possibly even on its catalytic self-cleavage function. There-
fore, in an effort to dissect the solvation structure, we divided the water
molecules present within a 3.5 Å distance from H-bonding sites of the
ribozyme (see below for definition and Fig. 2) into two classes, namely
those water molecules which form H-bonds with such groups and non-
H-bonded water molecules. The latter are located within the usual H-
bonding distance (i.e. 3.5 Å) but do not form a H-bond with H-bonding
groups of the ribozyme since the hydrogen–donor–acceptor angle is far
from linearity as required for H-bonding. Following the literature, these
specific solvent molecules are called “interstitial water molecules”
[102] and have been shown to play a prominent role in the structure of
bulk water and aqueous solutions at multi-kilobar pressures [17]. It is
important to note that both, H-bonding and interstitial water molecules
belong to the first solvation shell of the respective site, i.e. they are first-
shell coordinating water molecules according to the usual nomen-
clature.
In hydrostatically compressed bulk water [17], the gross picture is

that the three-dimensional locally tetrahedral H-bond network is pre-
served even at the highest possible compression of liquid water at
300 K, being roughly 10 kbar. The required total density increase of
such maximally compressed water, as locally seen by the increased first-
shell coordination number of the individual water molecules, is
achieved by squeezing water molecules into the tetrahedral voids that
are offered by the open tetrahedral H-bond network topology.

Analyzing our available ab initio NVE molecular dynamics trajectories
[17] based on the aforementioned criteria support that the number of
H-bonded water molecules is close to pressure–independent upon
compression from 1 bar to 10 kbar, see OWai–OWai data in Table 1. In
stark contrast, the contribution of interstitial water molecules is found
to increase very significantly according to the data compiled in Table 1.
That phenomenon, therefore, is the reason behind both, the pronounced
increase of the first-shell coordination number and the striking pres-
sure-induced shape change in the region of the first and second max-
imum of the oxygen‑oxygen radial distribution function of strongly
compressed liquid bulk water (see Fig. 1b of Ref. 17). In neat bulk
water, these interstitial water molecules have been shown to be mainly
so-called “topological second to fourth H-bonded neighbors” [17].
The number density distribution functions of the oxygen atoms of

water molecules (OW) with respect to four different H-bonding partner
groups (OP, O2′ H, NS, OS) of the ribozyme at 300 K are analyzed at
10 kbar compared to 1 bar in Fig. 3. Here, OP, O2′ H, NS, and OS re-
present the oxygen atoms of non-bridging phosphate groups, 2′ – hy-
droxyl groups, H-bonding nitrogen-based groups (i.e. eNH2, eNHe,]
Ne), and the]O groups of nucleobases, respectively, of the ribozyme
as illustrated schematically in Fig. 2. For each of the four H-bonding
partners, the number density distributions have been computed for H-
bonded and interstitial water molecules (both combined yield all co-
ordinating water molecules in the first solvation shell of the respective
group) at ambient and high-pressure conditions at 300 K; the corre-
sponding number of H-bonded and interstitial water molecules around
the different groups as well as the coordination number (“all”) is
compiled in Table 1.
Before proceeding to analyze the pressure response of interstitial

versus H-bonded water molecules close to hairpin ribozyme, we vali-
date our approach relying on force field water (TIP4P/2005 model
[81]) with respect to ab initio water (RPBE–D3 density functional [17])
in the limit of the neat bulk water. In the present force field simulations,
the bulk water molecules are those that are located beyond the second
solvation shell of the ribozyme. We conclude, based on comparing the
bulk water data from the ribozyme simulations (OW–OW) to those
based on the ab initio molecular dynamics [17] simulations
(OWai–OWai) in Table 1, that the pressure response of the essentially
homogeneous bulk water phase around the ribozyme is close to per-
fectly reproduced by the force field simulations.
At ambient pressure, the absolute interstitial water density around

the non-bridging phosphate groups, i.e. the one corresponding to
OP–OW pairs, is pretty small up to the respective H-bonding peak at
about 2.65 Å compared to the pronounced water density stemming
from H-bonded solvent molecules, see Fig. 3. In total, about 2.60 H-
bonded but only ≈ 0.83 interstitial water molecules are found to sol-
vate the OP groups according to the data in Table 1. The situation is
quite different for the other three groups of potentially H-bonding sites
of the ribozyme. Here, the relative contribution of interstitial water
molecules is substantially higher than around the non-bridging phos-
phates (albeit the total number of both, H-bonded and interstitial water
molecules, i.e. the coordination number, is considerably smaller in all
three other cases). It is observed for all four groups considered that the
relative contribution of interstitial water molecules is negligible for
distances up to where the maximum of the first peak due to all co-
ordinating water molecules is located, which is where most of the H-
bonded water is accumulated. Thus, only beyond that distance is the
contribution due to interstitial water setting in, which becomes in-
creasingly more prominent as the contribution due to the H-bonded
water molecules is quickly decaying toward zero for larger distances.
The interesting question now is how these different H-bonding

groups of hairpin ribozyme respond to the compression of its aqueous
solution to 10 kbar. In particular, how much does the number of H-
bonded water molecules increase in view of the increased density and
what is the role of interstitial water?
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3.2. Pressure effect on H-bonded and interstitial water densities

Upon inspection of Fig. 3, the first observation after compressing the
solution from ambient to 10 kbar is that the total water density in-
creases significantly in the first solvation shells of all four investigated
functional groups of the ribozyme. This certainly does not come as a
surprise but, secondly, it appears that the increase is significantly dif-
ferent in magnitude for H-bonded and interstitial water molecules. To
investigate this further, we calculated the total number of H-bonding
and interstitial water molecules (as collected in Table 1) by integrating
the corresponding number density distributions over volume. This
quantifies that the increase of the coordination numbers (“all”) is in the
range from about 20 to 40% depending on the specific group.
Much more important is the finding that the relative increase in the

number of interstitial water molecules is much more pronounced than
that for the H-bonding water molecules. This pressure-induced en-
hancement of interstitial water ranges from 45% in case of the phos-
phate groups up to 70% for the N–groups. In stark contrast, the H-
bonding around all four groups is rather inert to compression into the
kilobar regime, featuring an increase of H-bonded water molecules
corresponding to roughly 10% only. This is a very interesting finding as
it shows that, under high-pressure conditions, the increase in water
density close to functional groups of the ribozyme, as seen by an in-
creased coordination number of its H-bonding groups, mostly leads to
an enhanced number of interstitial water molecules in their first sol-
vation shells, whereas the H-bonding network of the ribozyme is only
little affected.
How do these pressure-induced changes in the first solvation shell of

hairpin ribozyme compare to those in the first solvation shell of a water
molecule in bulk water? To quantify the effect of pressure on H-bonded
and interstitial water densities in the bulk water phase that hosts the
ribozyme, we present the corresponding number density distribution
functions in Fig. 5 (leading to the OW–OW data in Table 1 upon in-
tegration) using the same criteria as applied to the ribozyme. Overall,
we observe a similar effect in bulk water upon compression to 10 kbar,

however, in comparison to the H-bonding groups of the ribozyme, the
relative increase in interstitial and H–bonded water molecules is sig-
nificantly higher and lower, respectively, in the bulk phase according to
Table 1. Still, the major pressure-induced increase of the number of
coordinating water molecules in the first-solvation shell of hairpin ri-
bozyme overwhelmingly comes from enhancing the contribution of
interstitial water compared to H-bonded water according to the data
sets reported in Table 1.
A three-dimensional picture of the relative increase of the inter-

stitial water with respect to H-bonded water is provided by the spatial
distribution functions (SDFs) of oxygen atoms of the respective water
molecules around the important H-bonding groups of the hairpin ri-
bozyme at 10 kbar versus 1 bar (Fig. 4); the common reference frame
for all SDFs is defined by the O2′–C2′–C3′–O3′–P–O5′ chain as shown in
Fig. 2. The SDFs are shown for the same isovalue at 1 bar and 10 kbar
pressure conditions, both at 300 K, and have been averaged taking into
account all 57 respective sites offered by our computational model of
the ribozyme by suitably translating and rotating them into the
common reference frame (while excluding the terminal sites which are
subject to large-amplitude fluctuations). Comparing the top-left to the
top-central SDF discloses that not only the number of H-bonding mo-
lecules (as already known from Table 1), but also their positions re-
lative to the ribozyme, as quantified by the shape of the isosurface in
three-dimensional space, remains unaffected by the compression from
ambient (blue isosurface) to 10 kbar (yellow isosurface) pressure. Direct
superposition of these two isosurfaces, contributed in the top-right
panel, provides essentially fully overlapping spatial populations of
those water molecules that are H-bonded to the ribozyme. The picture
is vastly different for interstitial water (see bottom panels). In this case,
the isosurface at 10 kbar (bottom-central) encloses much larger regions
in space than at 1 bar (bottom-left), which is nicely supported by the
bottom-right superposition. This spatial analysis provides conclusive
support of our finding that the H-bonding network is largely unaffected
by compression, whereas the number of interstitial water molecules is
significantly enhanced at 10 kbar.

Fig. 3. Number density distributions, ρ(r), of water molecules
(OW) with respect to four distinct H-bonding partner groups
of the hairpin ribozyme (OP, O2′ H, NS, OS as defined in the
text and shown in Fig. 2) split into H-bonded and interstitial
water molecules compared to all coordinating first-shell
water molecules at 1 bar and 10 kbar at 300 K; note the dif-
ferent density scales in the upper and lower panels.
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3.3. Pressure effect on H-bonding interaction strength

Roughly speaking, the strength of H-bonds correlates with their
length and linearity, being the stronger the shorter and the more linear
they are [103–105,99,106]. This qualitative correlation actually sup-
ports the use of very simple geometric criteria to define H-bonds at the
level of these two structural parameters [98–101]. Therefore, in an
effort qualitatively assess the impact of pressure on the strength of the
H-bonding interactions of hairpin ribozyme in water, we analyzed the
hydrogen–donor–acceptor angle (Fig. 6) as well as the donor–acceptor
distance (Fig. 7) distribution functions of only the H-bonded water
molecules around the ribozyme at 300 K. Inspecting the H-bond angle
distribution functions from Fig. 6 for all four H-bonding groups shows
that they barely change upon compressing the aqueous solution to
10 kbar. Most notably, the most probable value of the H-bond angle is
virtually pressure insensitive for all H-bonding sites offered by the ri-
bozyme. Next, the donor-acceptor distance distributions (note that
these are not radial distribution functions) of these H-bonding sites also
do not change much upon compression according to the data in Fig. 7.
The corresponding most probable H-bond lengths are systematically
shorter at 10 kbar compared to ambient pressure, but only by roughly
−0.02 Å which is a marginal ∼1 % effect.
The key conclusion from this final piece of our analysis is that not

only the gross H-bonding structure around the hairpin ribozyme re-
mains largely unaffected upon compression to 10 kbar, but also the H-

bond interaction strengths as assessed by using two suitable structural
proxies are rather pressure-independent in the multi-kilobar compres-
sion regime.

4. Conclusions and outlook

The pressure response of hairpin ribozyme in water at 300 K has
been dissected at the level of its molecular solvation properties at
10 kbar versus ambient pressure, 1 bar; note that 10 kbar is close to the
stability limit of neat liquid water at room temperature. This is achieved
by using extensive replica-exchange molecular dynamics simulations of
this RNA system in explicit water, generating a total of roughly 25 μs of
sampling time allowing for comprehensive statistical analyses of con-
figurations at the molecular level.

Fig. 4. Spatial distribution functions, SDFs,
of oxygen atoms of H-bonded (top row) and
interstitial (bottom row) water molecules
around the important H-bonding groups of
the hairpin ribozyme at 300 K. The blue and
yellow colors represent 1 bar (left column)
and 10 kbar (central column) pressure con-
ditions, respectively, and transparent rec-
tangles are included to guide the eye when
comparing the SDFs in detail. The 1 bar and
10 kbar SDFs are superimposed in the right
column for one-to-one comparison. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)

Fig. 5. Number density distributions, ρ(r), of water molecules (OW) in the bulk
water phase around hairpin ribozyme split into H-bonded and interstitial water
molecules compared to all coordinating first-shell water molecules at 1 bar and
10 kbar at 300 K.
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Fig. 6. Angle distribution, P(θ), of H-bonded water molecules with respect to
four distinct H-bonding partner groups of the hairpin ribozyme (OP, O2′ H, NS,
OS as defined in the text and shown in Fig. 2) at 1 bar and 10 kbar at 300 K.
Here, θ represent the hydrogen–donor–acceptor angle.
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Stimulated by our recent insights into the pressure response of both,
neat bulk water and aqueous solutions of simple molecules such as
TMAO when hydrostatically compressed to 10 kbar, we divided the
water molecules present in the first hydration shell into two subgroups,
being the H-bonded and interstitial water molecules. Only the former
do form a H-bond with potentially H-bonding sites of the ribozyme,
such as phosphate or carbonyl oxygens acting as acceptors or nitrogen
groups serving as potential H-bond donors. The interstitial water mo-
lecules are also first-shell neighbors of the respective interaction sites,
but they are only populating void space that is left open by the H-
bonded first neighbors of those sites, and are therefore not H-bonded to
the respective sites. It is the sum of H-bonded and interstitial solvent
molecules in the first solvation shell of a given solvation site that pro-
vides its coordination number.
Careful analysis of various structure-based observables unveils that

the average H-bond pattern around each and every of the potentially H-
bonding sites of the ribozyme is only little affected by pressures as
extreme as 10 kbar. This includes the arrangement of these H-bonded
water molecules in three-dimensional space and also the H-bonding
interaction strength as qualitatively assessed by exploiting its correla-
tion with H-bond lengths and angles. In stark contrast, the relative
contribution of interstitial water is strongly enhanced around all H-
bonding sites of the ribozyme at 10 kbar with direct reference to the
scenario at 1 bar. Overall, the increased coordination number of H-
bonding sites of hairpin ribozyme due to hydrostatic compression is not
achieved by enhancing the number of H-bonds, but rather by squeezing
non-H-bonded water molecules in between the H-bonded water mole-
cules, thereby filling at high pressures that interstitial space which is
unoccupied at ambient conditions.
Having disclosed a clearly differential effect of pressure perturba-

tion on the solvation state of this particular ribozyme, an interesting
next step would be to find out if there is pressure-dependent impact on
forming the docked state, on undocking or even on the self-catalyzed
cleavage reaction of this ribozyme. Beyond hairpin ribozyme, we expect
that not only other RNA or DNA constructs, such as tetraloops or
quadruplexes, but also hydration of proteins in general and enzymes in
particular will respond to pressure-induced solvation stress using the

same molecular mechanism to locally deal with enhanced water den-
sities via interstitial water.
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