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Abstract

The use of high hydrostatic pressure to investigate structure-function relationships
in biomacromolecules in solution provides precise information about conformational
changes and variations of the interactions between these macromolecules and the sol-
vent, as well as the volume changes associated with their activity. The complementary
use of osmotic pressure reveals quantitatively the extent and direction of the water ex-
changes between the macromolecules and the solvent and the number of water molecules
involved in these exchanges. In this review, the chemistry of ribozymes and the in-
fluence of pressure is described. In the case of the hairpin ribozyme, pressure slowed
down the self-cleavage reaction on the basis that the formation of the transition state
involves a positive AV# of activation and the release of 7844 water molecules. The
self-cleaving activity of the hammerhead ribozyme is also slowed down by pressure on

the basis of kinetic parameters and AVs comparable to those of the hairpin ribozymes.


marie-christine.maurel@sorbonne-universite.fr

However, it appears that the solution of the hammerhead ribozyme used in this study
contains two populations of molecules which differ by the values of these parameters.
The results obtained in the case of small self-cleaving ribozymes containing adenine-
bulges are consistent with the hypothesis that these small RNAs that bind amino-acids
or peptides could have appeared in prebiotic chemistry under extreme conditions in

deep-sea vents or hydrothermal surface sites.
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1 Introduction

In 1983 Thomas Cech and Sidney Altman™ showed that certain classes of nucleic acids
(ribozymes, a contraction of the terms ribo and enzyme) perform catalytic reactions. Al-
though the catalytic capacities of the ribozymes initially seemed limited,® the discovery of
RNAs containing modified nucleotides and that of RNAs possessing various co-factors,*'
considerably enlarged the repertoire of reactions catalyzed by RNA. Furthermore, the use of
the SELEX method allowed to devise new species of catalytic RNAs.® These observations
gave support to the RNA World hypothesis.? This theory suggests that the present life form,
based on DNA and proteins was preceded about four billion years ago by a simpler life form
based exclusively on RNA. In such a world, the RNA molecule would have served as both the

carrier of genetic information and as the catalyst for biochemical reactions. Capable of self-

replication, it could have ensured both the transmission and evolution of genetic material,



and the control of the primeval metabolism. This hypothesis was first put forward in 1962
by Alex Rich,™ then in 1967 by Carl Woese,* and then developed in 1968, independently
by Francis Crick,"¥ and Leslie Orgel.** Then, in 1968 they presented the hypothesis whereby
ribonucleic acids would have been the first molecules of the living world capable of stocking
genetic information, of auto-replication and of performing catalytic reactions.'#

Although there is no direct evidence for the exact composition of the primitive atmo-
sphere on Earth,™® the prebiotic environment is often associated with extreme conditions
(redox, pH, temperature, pressure, etc) some of which are considered favorable for the pre-
biotic chemistry, such as the synthesis of building blocks of biomolecules. The necessary
prebiotic conditions vary from one kind of biomolecule to another: eight different reaction
conditions are reported under which their chemical synthesis might be optimal.*® Alterna-
tively, some of these building blocks may have been imported on Earth such as nucleobases
which have been found in meteorites.” On the other hand, the discovery of life forms in ex-
treme environments on Earth is an argument to consider that life might have arisen in other
planets with microorganisms tolerant or resistant to various conditions: thermophiles, aci-
dophiles, alkaliphiles, xerophiles, halophiles, radioresistant, psychrophiles, and piezophiles.*®
Going further, one may also explore the presence of life elsewhere as our knowledge on planet
systems and exoplanets and their atmosphere are expanding.*®*? From the chemical point
of view, hydrothermal systems have been proposed as habitats for the first living organisms.
These habitats provide some diverse and favorable conditions for the transition from the pre-
biotic chemistry to the early life metabolism.**? From the evolutionary point of view, many
thermophiles (or hyperthermophiles) were found in these habitats as closely related to the
last universal common ancestor (LUCA).?%"%8 However, the proposition to consider LUCA
as a thermophile is controversial.??=2 Alternative views tend to consider that LUCA was
rather a mesophile and that thermophiles just happen to colonize high-temperature environ-
ments later on.®#% On the opposite, the cold temperature environments may have played

a crucial role in the origin of life given that some psychrophiles can also tolerate high salt



concentrations that make them halo-psychrophiles.®” Assuming that some prebiotic chem-
istry has emerged in separate conditions from the RNA world, a cold and radiation-shielded
environment has been proposed for the origin of life before the emergence of a mesophilic
LUCA =&

For the same reasons, high-pressure conditions in deep regions of the Earth (e.g. ocean
floor) are considered as a favorable habitat for the origin of life.#? Various reactions of the pre-
biotic chemistry would be favored.1® The presence of a diversity of polyextremophilic mi-
croorganisms nowadays: from psychrophilic-piezophilic to mesophilic-piezophilic, and thermophilic-

4l and their metabolic capabilities*® have implications for the

piezophilic in marine habitats
origin and evolution of life.*? In the prebiotic environment, high temperature and pressure
conditions would have favored the formation of biopolymers.*¥ However, the RNA polymer-
ization would require the pre-existence of nucleotides or activated nucleotides generated by
nonenzymatic catalysis.** Hydrothermal fields and alkaline hydrothermal vents are attrac-
tive ideas for sites that would be conducive to the origin of life. In similar conditions, short
oligonucleotides can be synthetized under high pressure.*® Several studies have shown that
the nucleotide synthesis is plausible under hydrothermal conditions.*#® However, a direct
experimental validation should be provided about the plausibility for these sites regarding the
synthesis of nucleotides and oligonucleotides that are forbidden under alkaline conditions.*”

If the modern ribozymes are the vestiges of the RNA World,”™4 did they keep some
features that are reminiscent of their ancient habitat ? In the case of high pressure conditions,
a few studies have been published on their effect on the catalytic activity of ribozymes but
they are essentially focused on the hammerhead and hairpin ribozymes. Other self-cleaving
ribozymes have been characterized and widely studied: their folding kinetics or catalytic
mechanisms are sometimes similar and will be briefly discussed since they could provide
some predictive value with respect to their possible behavior under high pressure. In order

to understand the ribozymes and the effect of high pressure, an overview of the diversity of

self-cleaving ribozymes and a description of the general effects of pressure at the molecular



level will be provided. The more specific effects of pressure on the activity of ribozymes will

finally be discussed.

2 Different classes of ribozymes

Twelve classes of natural ribozymes have been identified to date: the 9 classes from the family
of small self-cleaving RNAs,?#2% the introns of groups I°Y and II,°%°% and ribonuclease P.?”

More recently, the ribosome and the spliceosome RNAs, were also identified as ribozymes. 9001

2.1 Self-cleaving small RNAs

Self-cleaving small RNAs contains ribozymes which are known for more than a decade:
hammerhead, hairpin, glucosamine-6-phosphate riboswitch (glmS),%#¢# Hepatite Delta Virus
(HDV),%* Varkud satellite (VS) from Neurospora®*® and those discovered recently: twister
and hatchet,®™% pistol,©#09 and twister-sister.®® These ribozymes do not all share the same
structural characteristics, but they have similar functions: they catalyze a specific and re-
versible trans-esterification which corresponds to their self-endonucleolytic cleavage. All the
natural ribozymes catalyse an intramolecular single-turnover reaction (“in-cis” catalysis) as
the catalyst is changed during the reaction.

This cleavage reaction is a transesterification of type SN2, inducing an inversion of the
cleaved phosphate configuration (Figure |1f). It begins with a nucleophilic attack of oxygen
in 2’ on the adjacent phosphorus, resulting in the formation of a bipyramidal trigonal tran-
sition state. The rupture of the 5’ oxygen-phosphate bond generates the cleavage products
corresponding to a 2’-3’ cyclic phosphate end and a 5’ free hydroxyl end. The two main
chemical steps correspond to the nucleophilic attack and the departure of the leaving group.
The ligation reaction is the exact reverse reaction, the oxygen in 5 being the nucleophilic
group.

Detailed reaction mechanisms for these different ribozymes have been proposed in re-
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Figure 1: Reaction mechanism of ribozyme self-cleaving

cent catalytic studies of hammerhead, ™™ hairpin,™ glmS,™™ HDV ™ VS twister, T

1, and twister-sister.®¥ Although the chemical reaction is the same in all self-cleaving

pisto
ribozymes (Figure , the reaction mechanisms differ at the atomic scale due to the pres-
ence of specific catalysts and cofactors in the surroundings of the active site. For the sake
of clarity, we make a distinction between catalysts and cofactors whether they are directly
implicated in a chemical step or just facilitate the reaction. The self-cleaving ribozymes are
not generally true metalloenzymes (Figure [2h) since the catalysis does not involve any metal
ion in the chemical steps except in the case of the HDV ribozyme (Figure ) However, the
metal ions may act as cofactor to speed up the reaction and/or activate some catalyst® s
as in the case of the hammerhead ™42 or o1mS™ ribozymes (Figure —e—g). More often,
they play a structural role in the folding of the active conformation prior to catalysis as in
the hairpin ribozyme, %% the hammerhead ribozyme, ™ the HDV ribozyme, ™% the glm$S
ribozyme,” the VS ribozyme,”! the Twister ribozyme,”? the Pistol ribozyme,™ etc.

The catalysts involved in the chemical steps of the reaction can be as diverse as a pro-

tonated /deprotonated nucleobase, a metal ion, or a specific base for the activation of the

nucleophile through the deprotonation of the 2’OH group®™3 (Figure [2). Similarly, a



metal ion or a ionized nucleobase but also a ribose or a ligand can be used as catalysts in
the departure of the leaving group (Figure [2). Many different cofactors may also contribute
to the catalysis by stabilizing the negative charges on the phosphate groups before, during
or after the formation of the trigonal-bipyramidal intermediate or transition state: neutral
or ionized nucleobases, metal ions, ribose, etc. On the other hand, the kinetics of folding
and formation of catalytically active conformations may require substantial changes in the
active site that are dependent or independent from the microscopic changes in the active site
(protonation/deprotonation, hydration/dehydration, ligand binding, etc) associated with the
chemical steps of the reaction. Local changes in the active site and global changes at the
global molecular level are often both required for an optimal catalysis, but it is not always
clear which ones are the limiting processes.

Differences between the experimental reaction conditions (temperature, salts, pH, buffers
etc.) of ribozymes have already shown that, like protein enzymes, catalytic RNAs are capable
of exploiting several reaction mechanisms. QM studies also suggest that multiple competitive

9495 Even when the

reaction pathways may coexist in the hairpin or hammerhead ribozymes.
catalyzed reaction is identical, each ribozyme adopts a unique structure and follows a distinct
catalytic and kinetic mechanism. All these ribozymes undergo auto-cleavage at a unique
specific site but use different catalytic strategies. The sequence of these natural ribozymes

can be experimentally modified to obtain RNAs performing inter-molecular cleavages that

consequently behave as true enzymes performing multiple turn-over reactions.

2.2 Viroids and the Hammerhead Ribozyme

Viroids are free naked infectious RNAs whose replication and propagation, unlike those of
satellite RNAs, do not depend on the presence of a helper virus. There exist two families
of viroids : Pospiviroidae and Avsunviroidae. The family of Avsunviroidae and some viral
satellite RNAs contain a common structure of about 30 nucleotides known as “hammerhead

ribozyme” whose secondary structure recalls that of the head of a hammer in the state
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Figure 2: Catalysts and cofactors involved in self-cleaving ribozymes. (a) hypothetical metal-
loenzyme; (b) HDV ribozyme; (c) Hairpin ribozyme (the nucleophile activation may involve
a deprotonated G nucleobase or alternatively a hydroxide ion); (d) Hammerhead ribozyme;
(e) glmS ribozyme; (f) Neurospora Varkud Satellite (VS) ribozyme; (g) Twister (env22) ri-
bozyme. Modified with permission from Leclerc, 2010.84 Copyright 2010 [MDPI| under [CC
LICENSE]]. The activation of the nucleophile is achieved by the deprotonation of the 2’-
hydroxyl group (red); the departure of the leaving group is facilitated by the protonation
of the 5-oxygen (blue). v and § correspond to the chemical steps usually associated with
general or specific acid/base catalysis for the activation of the nucleophile and departure of
the leaving group. a and (3 correspond to residues or cofactors that facilitate the chemical

steps by potentiating the nucleophile and the leaving group through the polarization and
stabilization of the charges. 9
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where the catalytic core is still unfolded (state U); it corresponds to a three-way junction
with single-stranded regions in the hammerhead core closed by three specific base-paired
regions annotated stem I, II, and III that delineate the self-cleavage site of the ribozyme
located between the stems I and III. In three dimensions, the hammerhead RNA folds into
a Y-shape structure (state I and states F') where the stems II and III adopt a near-collinear
stack configuration (Figure [3h).

The viroids share the same replication mode, called “symmetrical rolling circle” mech-
anism.”¥ In this mechanism, the positive circular genomic RNA strand is transcribed by a
polymerase from the host to give a linear oligomeric negative strand, which is cleaved at
specific sites to generate linear negative monomers. Each of these monomers is circularized,
then subjected to a second replication cycle in which it is transcribed several times to give
a linear positive oligomer, which is then cut and re-circularized to produce new genomic
RNAs. Catalytic units carried by such genomes are directly involved in the formation of
replication intermediates: catalysing cut-off and ligation reactions, leading to the formation
of linear monomers and their circularization during the replication process. These activities
were demonstrated among plant viroids and virusoids that are circular satellite RNAs and
linear satellite RNAs. It has been proposed that viroid RNAs are vestiges of an ancient RNA
World."0

As for many other ribozymes, the folding of the hammerhead ribozyme is dependent on
the presence of divalent cations (Mg*T). The folding kinetics follows a two-stage scheme
from the unfolded state (U) to some intermediate which is then converted to the folded state
(Figure [3) as described in several studies.*®® In the minimal or truncated variants of the
hammerhead ribozyme which were used in the first crystallographic studies,”” the catalytic
efficiency was sub-optimal. Some major conformational change was suggested in the following
years although no structural evidence was provided initially. "% The 3D structure determi-
nation of the first natural and full-length hammerhead ribozymes confirmed the hypothesis

02

of a conformational change that facilitates the formation of an active conformation®’® and
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speeds up the catalysis.™!
The role of metal ion(s) as catalyst(s) has long been controversial in the case of the

hammerhead ribozyme: being first considered in the 90’s as a “metalloenzyme” with a single

TO4I105 ‘

metal ion or two distinct metal ions as catalysts and then as a false “metalloenzyme”
just relying on nucleobases as catalyts as most of the other self-cleaving ribozymes.% Al-
though the metal ions do not seem to act as catalysts not being involved in the chemical

steps of the reaction, they seem to be implicated as cofactors (Figure [2f(d)). 70785

2.3 RNA satellites of plant viruses and the hairpin ribozyme

Hairpin ribozyme was found on the negative strand of satellite RNA of the tobacco ringspot
virus. 2 Tt has since also been found on the negative strands of the satellites of the ara-
bette mosaic virus and chicory spot virus. It catalyses both cleavage and ligation reactions,
and therefore appears to be responsible for both the cleavage of linear multimers and the cir-
cularization of the resulting monomers during the viral replication cycle in vivo. In many of
the RNA satellites of plant viruses, the hairpin ribozyme performs a reversible self-cleavage
reaction involved in the maturation of the viral replication products.

In the tobacco ringspot nepovirus satellite RNA, the hairpin ribozyme folds into an
extended cruciform structure corresponding to a 4-way junction with 4 stems annotated
from A to D.1243 However, a truncated form with a L-shape keeps the catalytic activity
in vitro with only the two arms of the 4-way junction corresponding to the stems A and
B and their respective associated internal loops A and B. This “truncated” or “minimal”
hairpin ribozyme with an L-shape is composed of two stem regions linked to one another,
each containing an internal loop (Figure [4)).

When these two domains come side by side (D, state: docked and ligated), they promote
tertiary interactions forming the active structure where the two domains are docked on each
other (Figure [4]). After self-cleavage, an intermediate with the docked conformation (D¢

state: docked and cleaved) is formed before undocking and dissociation of the product with
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Figure 3: Folding kinetics and conformational states of the catalytic core of the hammerhead
ribozyme. (a) Schematic folding scheme for the transition from the unfolded state (U) to
some partially folded intermediate (I) and to the folded state FO; an additional conforma-
tional change may occur through tertiary contacts (red arrow) between the extensions of
the stem-loops from domains I and II found in full-length hammerhead RNAs (red dashed
line); modified with permission from Hammann et al. (2001).”8 Copyright (2001) National
Academy of Sciences. (b) 3D structures of the hammerhead ribozyme in its truncated form
corresponding to the FO state and its minimal full-length form corresponding to the F1
state. From left to right: the 3D structures were taken from PDB IDs: 299D /%9 1HMH,107
and 2QUS." The nucleotides from domain I (magenta) and from domain II (cyan) are
brought close to each other during the folding into the I and F' states; the nucleotides from
those two terminal domains (red) can establish tertiary contacts (red arrow) that help to
fold into the active conformation (F1) with an increased catalytic efficiency. The cartoon
representation of the RNA backbone includes a variable width which is proportional to the
B-factors.
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the 3'P terminus (Figure {4)).
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Figure 4: Multistep folding kinetics and catalysis by the hairpin ribozyme. (a) folding
kinetics of the hairpin RNA; Ur: undocked & ligated, Dy : docked & ligated, D¢: docked &
cleaved, Us: undocked & cleaved, Pgr: product with 3'P released; modified with permission
from Liu et al., (2007).# Copyright (2007) National Academy of Sciences. (b) 2D structures
of the hairpin ribozyme as found in the Tobacco Ringspot Virus satellite. The arrow indicated
the cleavage site, the nucleotides marked by a dot correspond to nucleotides involved in the
catalysis. The pin indicates the cleavage site after the transesterification reaction and before
the release of the product. (c¢) 3D structures of the hairpin ribozyme (PDB ID: 2P7E) with
a conformation corresponding to some intermediate between the D and D¢ states (left)
before the release of the product (right). The nucleotides from the Loops A and B are
colored in cyan, those in green at the cleavage site and those in magenta correspond to the
residues involved in the catalysis.

Mutagenesis and nucleotide analog interference mapping (NAIM) studies have shown that
the nucleotides which are essential to the ribozyme activity reside in the two loops A and B
from the two respective domains 1 and 2.5 19 Ag a matter of fact, the domains 1 or 2 can be
synthetized separately but none of them is catalytically active alone; however, the catalytic

activity can be restored by reassembling the two separate domains which thus interact only

13



through nonbonded interactions. ' The first structural data were obtained by NMR on the
two separated domains.*?" Since then, many 3D structures have been determined showing
an irregular central motif including non-canonical base pairings, framed by regular helices,
with an A-type geometry 14

NMR studies on the structures of the isolated A and B segments showed that the struc-
tures of the isolated stems do not correspond to the active conformation of the ribozyme.
The concerted mechanism of the reaction involves an alignment of the reactive atoms."22

The mutagenesis data suggest that a guanine residue downstream the cleaved position
is absolutely essential. Mutagenesis and NAIM showed that four purine bases surrounding
the active site cavity (G8, A9, A10, and A38) have functional groups involved in catalysis
(Figure [2|(c)). Furthermore, the twisting of the substrate strand induced by the folding of
A and B allows the alignment of reactive atoms. The reaction mechanism is mediated by
nucleobases through a general acid-base catalysis

During conformational rearrangements of the molecule, this nucleotide (G+1) from helix
A is bulged out, but then, a part of the stem B specifically surrounds it, forming a pocket
whose floor is constituted by a cytidine residue (C25) which establishes a base-pairing with
G+1. The interactions within the G+1 attachment pocket represent about half of the free

energy of folding. 12123121

2.4 Varkud satellite ribozyme of Neurospora (VS)

The VS ribozyme of Neurospora is the largest known nucleolytic ribozyme. It was found
to be embedded in VS RNA which is a long non-coding RNA that exists as a satellite
RNA in mitochondria of Varkud-1C and few other strains of Neurospora. VS ribozyme
contains features of both catalytic RNAs and group I introns.®® The VS ribozyme has both
cleavage and ligation activities performed efficiently in the absence of proteins. VS ribozyme
undergoes horizontal gene transfer with other Neuropora strains.

VS ribozymes have very few in common with other nucleolytic ribozymes in terms of

14



size and structure. However, they share some general common features with the hairpin ri-
bozymes. The VS ribozyme undergoes major rearrengements during the folding of the active
conformation that include changes in the RNA secondary structure.t22% Ag in the hairpin
ribozyme, tertiary interactions are involved during the folding in the presence of divalent
metal ions; one of these well-studied interactions is a magnesium-dependent loop/loop pair-
ing between the stem-loops I and V.14%1%8 I the reaction pathway of the hairpin ribozyme,
several states were isolated and characterized. In the case of the VS ribozyme, the kinetic
model of the reaction pathway is much more complex due to the size of the RNA with a
hierarchical folding path."* The role of nucleobases as catalysts was detected using different
approaches: mutagenesis,® pKa measurements®®!' and NAIM.%32 Altough the topology of
the active site is different in the two ribozymes, a comparison of the available data suggests

they have a very similar reaction mechanism (Figure ¢ and [2f).1%

2.5 RNA viruses and the HDV ribozyme

Most of RNA viruses are plant viruses and possess ribozyme activity that participates in
their multiplication. The first to have been characterized is the satellite RNA of Tobacco
ringspot virus (sTRSV), then the HDV ribozyme, that is associated with Hepatitis B virus.
The RNA of HDV adopts a pseudoknot structure. This ribozyme that can perform auto-
cleavage 100 times faster than other hammerhead ribozymes is therefore the most efficient
natural ribozyme known. It is very stable, its optimal cleavage temperature is 65 °C and it
is active up to 80 °C.

Most of the reaction mechanisms of self-cleaving ribozymes involve nucleobases in some
general acid/base catalysis (Figure. It also applies in the case of the HDV ribozyme where
a protonated cytosine was first proposed as a catalyst to facilitate the departure of the leaving
group.’#* The exact role of divalent metal ions in the catalysis was unclear since monovalent
ions could substitute M ¢?>* while preserving some catalytic activity. However, the catalytic

efficiency was reduced by two orders of magnitude.*®® Further studies confirmed the role of
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t439 and a potential role of Mg** to induce a pKa

the C75 protonated cytosine as a catalys
shift facilitating the protonation of C75 (Figure 2b).*” In the more recent studies, Mg>*
appears to act directly or indirectly in the activation of the 2’0OH nucleophile’**439 and /or

in the conformational switches required for the ribozyme activation.

2.6 The riboswitch ribozyme glucosamine-6-phosphate (glmS ri-
bozyme)

The glmS ribozyme is an RNA structure that resides in the 5" untranslated region (UTR)
of the mRNA transcript of the glmS gene. This RNA regulates the expression of the glmS
gene by responding to concentrations of a specific metabolite, glucosamine 6 phosphate
(GIcN6P), in addition to catalyzing a self-cleaving chemical reaction upon activation.®® This
cleavage leads to the degradation of the mRNA that contains the ribozyme, and lowers
production of GIcN6P. The glmS gene encodes for an enzyme glutamine-fructose-6-phosphate
amidotransferase, which catalyzes the formation of GIcN6P, a compound essential for cell
wall biosynthesis, from fructose-6-phosphate and glutamine. Thus, when the GlcNGP levels
is high, the glmS ribozyme is activated and the mRNA transcript is degraded but in the
absence of GIcNGP the gene continues to be translated into glutamine-fructose-6-phosphate
amidotransferase and GlcNG6P is produced. GlcN6P is a coenzyme for this cleavage reaction,
as it directly participates as an acid-base catalyst.®4? Site-directed mutagenesis on the G40
residue of the catalytic center of this particular ribozyme allowed Klein et al. (2006)%3
to demonstrate that this nucleotide plays a crucial role as a general base in the reaction.
For this reason, its catalytic mechanism is often compared to that of the HDV ribozyme
where GlcNGP coenzyme plays the same role than the protonated cytosine C75 as a catalyst
(Figure 2b and [2k). 4

As in many other self-cleaving ribozymes, metal ions play a role in the folding of the glmS
ribozyme but they were not attributed any other specific role.”” However, an earlier study

suggested some alternative role of divalent ions on the overall apparent pKa of the ribozyme
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self-cleavage.'4? A recent study confirms the role of M¢?" in the pKa shifting of the guanine
G40 as well as in the stabilization of the negative charge of the phosphate group.™ Divalent

metal ions seem to operate in a similar way in both the glmS and hammerhead ribozymes

(Figure 2 and [2f).

2.7 The Ribosome

The ribosome is a ribozyme."™* In a pionneering contribution, Francis Crick (1968) claimed
that the primitive ribosome could have been made entirely of RNA. Several years later,
Steitz and Moore revealed that, indeed, the modern ribosome is a ribozyme suggesting
that RNA, was the first macromolecular catalyst."** Ada Yonath (2009)"** proposed the
structural nature of the protoribosome that is still present in the modern ribosome. The 23S
RNA contained in the large ribosomal subunit is sufficient to catalyze the formation of the
peptide bond during protein synthesis. The active site where the peptide bond is formed,
is composed entirely of RNA, and is deprived of all protein elements. These latter elements

positioned on the exterior of the cleavage site, only maintain the entire structure together.

3 Why Pressure ?

There are two kinds of reasons for which hydrostatic pressure is used to study structure-
function relationships in biomacromolecules and especially ribozymes. One is that pressure
can provide valuable information about their structural organization and the mechanisms of
the biochemical reactions that they catalyze. The other one is that, as discussed above, it
has been proposed that ribozymes could have played an important role in prebiotic chemistry
and the early steps of the development of life on earth, particularly in the hypothesis that
prebiotic chemistry and early developments of life occured around the deep-sea vents or
hydrothermal surface sites 22894449U4675048 T this hypothesis, the range of pressure to be

considered goes from 1 to 1100 bar since the deepest oceanic floor, the Marina Tranch,*4”
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close to Japan is at minus 11,000 meters, on the basis that the hydrostatic pressure increases

by 1 bar every ten meters.

3.1 Pressure effects on cell physiology

The influence of pressure on the biomacromolecules present within the cells has some various
and often deleterious effects on the metabolism and physiology of these cells or the organisms
they belong to (Table .39=150’151 Gene expression is influenced either negatively or positively
and in many organisms one observes, not only the induction of already known genes coding
for general stress-shock proteins but also of genes specifically involved in the pressure-stress.
In most organisms, prokaryotes and eukaryotes; the rates of transcription and translation
are decreased, the latter being mainly due to the dissociation of the ribosomes. This is
associated to a slowing down of the cellular cycle. Exposure of living Hela cells to high
pressure allowed Rousselet et al. (2001)"°% to show that their division was impared through
a negative influence on the microtubules nucleation by the centrioles. In addition, pressure
reduces the membrane fluidity, in relation with a higher packing of the fatty acids.™®? As
a consequence, the membrane becomes less permeable to water molecules. Cell walls and
cytoskeleton are also affected. Pressure provokes the acidification of the cytoplasm and
vacuoles, an effect which results from an influence on the dissociation constant of H,CO4
and H,PO, " due to the negative AV associated to the exposure of additional charged groups

to the solvent.
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3.2 Adaptations to high pressure

Many organisms from bacteria to vertebrates are living in high pressure environments (ocean
bottom, hydrothermal deep-sea vents, terrestrial deep sites, etc) and are adapted to them.
In deep-sea vent this adaptation is coupled, in a complex way, to the adaptation to high tem-
perature. Two kinds of organisms are able to thrive under pressure: the so-called piezophiles
and piezotolerent species. The first ones live constantly under pressure, fully adapted to it
but unable to grow at atmospheric pressure, while the second ones are mesophilic organisms
adapted to live under pressure but still able to do it at atmospheric pressure and this diver-
sity is related to the degree of pressure. On the basis of the known effects of pressure on
biological molecules several types of adaptation can be predicted: like the change of pKa of
some important groups and changes in the nature of the aminoacids present at the surface
of proteins. For instance, the polarity of the environment of a charged group whose pKa
is important, can be changed in order to compensate the effect of pressure on this pKa; or
some amino-acid substitutions in interacting interfaces to counter the negative influence of
pressure. This biological adaptation is a complex and plurifactorial process involving several
aspects such as modifications of gene expression, changes in membranes composition and
modifications of the respiratory system. It is generally associated to numerous mutations*"
which were shown to increase the number of hydrophobic interactions in the proteins, a
modification which is also involved in thermophilicity.*?* In general, the expression of the
genes coding for the heat-shock proteins such as Hspl04, GroEl and DnaK is largely en-
hanced. This is also the case of the genes involved in the metabolism of carbohydrates. In
contrast, one observes frequently a decrease of the expression of the genes involved in the
cell cycle and the biosynthesis of proteins. In relation with this the uptake of tryptophan is
reduced in yeast.? Interestingly, in several piezophilic bacteria it appeared that the change
in some genes expression relies on the existence of alternative open reading frames.**® The
acidification of the cytoplasm appears to play a role in this regulation of gene expression.

This acidification is due to the deprononation of various molecules like H,PO,” and H,CO,
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and the negative AV associated with these reactions.’®” The adaptation to high pressure
involves also a change in the population of fatty acids in the membranes which contain a
higher proportion of unsaturated fatty bacids,rendering these membranes more fluid.123458
This modification changes the properties of receptors and permeases. Concerning the respira-
tory system, in Shewanella bentica two pressure-regulated C-type cytochromes were isolated.
They are coded for by genes whose expressions are differently sensitive to pression.** The
adaptation of vertebrates to deep-sea environments involves some specific protein modifica-
tions. This is the case of actin: Swezey and Somero (1982)1%” made a thermodynamic study
of its polymerization in a series of fishes and showed that its adaptation to high pressure
results from two kinds of structural modifications. One is a change in the tertiary structure

of the actin monomers. The second one is an increase in the proportion of ionic interactions

between the monomers for their polymerization.

3.3 Pressure effects are based on volume changes

The influence of pressure on the structure and properties of biological macromolecules in

1615167 These studies showed

solution has been largely investigated in the case of proteins.
that pressure exerts different influences on their structure. To begin with it favors the disso-
ciation of ionic bonds, on the basis of the electrostriction which results from the interaction
of water molecules with the liberated charged groups (see below). The same effect will tend
to dissociate oligomeric proteins. Due to the very small AV associated with the formation-
disruption of hydrogen bonds, pressure can have only a small positive or negative influence
on these bonds in proteins, depending particularly on the polarity of their environment. On
hydrophobic interactions the effect of pressure is more complex. It has a negative influence
due to the fact that the establishment of these interactions is accompanied by a positive
AV. However, pressure has a positive influence on the stacking interactions between aro-

matic rings.1%168 Van der Walls interactions which play an important role in the tertiary

structure of proteins are supposed to be enhanced by pressure since it tends to increase
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their packing. This is one of the aspects of the largely discussed compressibility of pro-
teins which results also from expulsion of water molecules from their internal cavities. This
is an important parameter since these cavities appear to play a significant role in protein

structure-function from the mesoscopic scale (liquid-liquid phase separation)*** to the micro-

169 1700171

scopic scale®®™ in folding/unfolding and conformational transitions.*™ The combined
effects of all these properties lead to the denaturation of the proteins in solution. These
effects are based on volume changes directed by the universel law PV=RT and the law of Le
Chatelier. In any conditions, the pressure will favor the conformation of the macromolecule
for which its solution occupies the smallest volume. In the case of an equilibrium between
two conformations, the pressure will favor the side of the equilibrium for which the volume
of the solution is the smallest. These rules govern a number of processes in the cell that are
associated with molecular functions of the macromolecules such as association/dissociation
of protein subunits, ligand binding, and others described on Figure [5] Pressure can induce
volume changes and alter a number of molecular properties such as: hydration-dehydration,
pKa shift of ionisable groups, disruption of ionic bonds, etc. In return, these alterations
can impact the macromolecular properties. For example, the equilibrium between the as-
sociation/dissociation of subunits is altered under high pressure; changes in the molecular
properties such as the disruption of ionic bonds and/or the pKa shift of ionisable groups
could displace the equilibrium. The details of the possible relationships between molecular
properties and macromolecular functions are indicated in Figure [5] At high pressure these
effects are often responsible for the denaturation of the macromolecule by unfolding and lead
to some alterations of the cellular components and in fine to major cellular dysfunctions as
listed previously (Table . A tight relationship also exists between pressure and molecular
crowding: a crowded environment was reported to inhibit the protein unfolding of staphylo-
coccal nuclease under high pressure.t™ As for pressure, the crowding favors the reaction that

reduces the net volume where the structures of macromolecules are more ordered and com-

pact.™ Both pressure and molecular crowding have the ability to modulate the hydration
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of macromolecules. In the unfolding process, part of the influence of pressure can be due to
the penetration of water molecules into the small cavities present into the macromolecular

matrix and to the very small compressibility of these biomacromolecules in solution.75176

HHP

y

Molecular Properties Macromolecular Functions Cellular Components

water dynamics

energy landscape

molecular crowding

denaturation -

unfolding
aggregation

electron transfer

Figure 5: Impact of high hydrostatic pressure (HHP) on macromolecular properties and
functions, and on cellular components.

It must be recalled that in addition to these effects and for the same reasons, pressure
will also affect the pH of the solvent, as well as its dielectric constant, parameters which,
in turn, will also affect the structure and properties of the biomacromolecules in solution.

Pressure has also a small effect on the viscosity of the aqueous solution. High pressure,
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especially when it is associated with high temperature has also some specific effects on the
structure of water. It can promote the appearance of some small spots of supercritical
water, an apolar form of dimeric water. This supercritical water presents an elevated ability
to dissolve apolar molecules or metabolites including those involved in prebiotic chemistry,
thus favoring chemical reactions between them.™ On this basis, the environment of deep-sea
vents will favor reactions between apolar precursors of prebiotic chemistry. "= Over the
past decades, different types of apparatus were devised in order to undergo under pressure all
the physico-chemical investigations usually employed to study the structure and mechanisms
of biomacromolecules. To begin with, fermentors were developed to grow under pressure the
microorganisms which thrive under these conditions like those living in or around the deep-
sea vents. Enzyme kinetics can be followed in reactors in which samples can be taken without

Uand using stopped-flow apparatus.’®¥ All kinds of spectroscopy,

relieving the pressure’®
absorption, fluorescence, Raman as well as NMR can be measured under pressure. More
specifically, an incubator mimicking the conditions which prevail around deep-sea vents has

182

been developed by Kawamura (2017).*%4 Even crystallographic structures can be determined

under pressure.t&?

3.4 Electrostriction

The phenomenon of electrostriction is responsible for some effects of pressure. That results
from the fact that when a positive or negative charge is exposed to the solvent, the water
molecules tend to pack around this charge by their complementary polar groups (Figure [6).

This effect is very strong. The first shell of water molecules around the charge is submitted
to a pressure of 32,000 bar and one mole of water occupies only 15 ml. At the level of the
second shell these parameters are 7,700 bar and 15.6 ml. Thus, the reaction volume or
AV associated to this process of electrostriction is -3 ml/mol. The consequence is that
pressure tends to expose the charged groups of the macromolecule to the solvent, including

by disrupting the internal ionic bonds, with all the consequences that this will have on its
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Figure 6: Electrostriction around charged groups exposed to the solvent in proteins and
nucleic acids.

structure and properties. The third shell of water molecules is not affected and belongs to
the bulk solvent. For more examples, the values of activation volumes are available in the
literature for a series of organic compounds ,*** and for inorganic reactions.**™% In the
case of biochemical reactions in proteins, a number of reference values are also available.180
Other kind of reactions have also been reported, for example: the protein unfolding’®” or

the dissociation of single-stranded DNA binding proteins.*&®

3.5 Influence of pressure on an equilibrium reaction

In the case of any equilibrated reaction A == B whose equilibrium constant is K

k1
A=—B K=
ko 2

pressure will favor the side of the equilibrium for which the volume of the solution is the

smallest. K is related to the change in this volume by the relation:

P
InK = —-AV (ﬁ) AV <0
InK N slope = —AV/RT
dnK _ AV
5P . =~ T RT AV >0

P

Figure 7: Influence of pressure on reaction equilibrium constant.

and in the graph representing the variation of the logarithm of K, (LnK), as a function
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AV
of the pressure P, the slope is equal to “RT So, if this AV is negative the equilibrium is

shifted towards B, but if AV is positive the equilibrium is shifted towards A (Figure [7)).

3.6 Influence of pressure on reactions catalyzed by enzymes

The same principles apply to equilibrated reactions catalyzed by either proteic enzymes or
ribozymes. In such a reaction of transformation of A into B and involving the transient
formation of a transition state A7 ;

Al A# =B

two AV must be taken into account :

e the AV# of activation which is the difference between the volume of the solution of

the starting molecule A and that of the transition state A7.

e the AV of the reaction, that is the difference in volume of the solutions of the starting

molecule A and of the product B as seen above.

If AV7# is negative, pressure will accelerate the reaction, but if it is positive, something

which is frequent, the rate of the reaction will decrease (Figure :

A g A;é = B A# — t/)nansztzon State Increased reaction rate
AV <0
AVF=VA*-VA  +or— -
1
;é
(5lnk1) :_AL AV7 >0
5P T RT Decreased reaction rate

P

Figure 8: Influence of pressure on reaction rate constant.

3.7 Osmotic Pressure

It is of interest to complete the results obtained under the influence of hydrostatic pressure

by osmotic pressure experiments, which provide information about the movements of water
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molecules in and out of the biomacromolecule in solution during the reaction that it catalyzes.
This methodology has been devised by Parsegian et al. (1995).%% The analysis considers two
phases, the macromolecule, and the solvent and to add to the latter increasing concentrations
of a solute which will increase its osmotic strength. The solute must be big enough to stay
excluded from the macromolecule matrix but since the osmotic strength depends on the
molarity of the solute, it must be small enough so that it does not lead to a significant
increase of the solvent viscosity which would induce a parasite effect. Usually, the solute
used is either polyethyleneglycol of an adequate degree of polymerization or dextran. The
method allows to determine if there is an exchange of water between the macromolecule and
the solvent during the reaction catalyzed by this macromolecule and to determine whether
this movement goes in or out of the macromolecule (Figure E[) If the slope is positive it
means that water molecules are liberated into the solvent. If it is negative, it means that
additional water molecules bind to the macromolecule. In addition, the method allows to
calculate the number of water molecules which are exchanged during this process by dividing

AV, by the volume of a water molecule.
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Figure 9: Influence of osmotic pressure on reaction rate constant. Case of the release of water
molecules to the solvent k is the Boltzman constant, T the Kelvin temperature; k™ and k°
the rate constants of the reaction under osmotic stress and under the control conditions
respectively.
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Experiments using osmotic stress revealed an influence of water activity on macromolec-
ular reactions and conformational transitions. For instance, DNA or RNA ligation by T4
DNA ligase is significantly accelerated in the presence of polymers in the solution that induce
high osmotic pressure.* The use of osmotic stress has allowed a detailed thermodynamic
study of intermolecular interactions within a silk fibrin network and the identification of

repulsive “hydration forces” between parallel DNA double helices.™

4 Influence of pressure on nucleic acids

4.1 DNA

Pressure does not induce large-scale structural changes in nucleic acids. It is rather expected
to stabilize the DNA double helix since the two contributions to its stability, base stacking
and hydrogen bonds, are stabilized at high pressure™™ but other factors are also involved.
In fact, the double helix is not very sensitive to pressure. This is mainly due to the fact
that the formation or disruption of hydrogen bonds is associated to a very small AV which
can be either positive or negative, depending on the sequence and experimental conditions
(ionic strength, temperature, etc).™ Under some conditions, pressure favors supercoiling
of DNA ' However, these effects are very complex, depending on temperature and ionic
strength. Using synthetic double stranded DNA molecules, Dubins et al. (2001)** showed
that the effect of pressure depends not only on temperature but also on the melting temper-
ature T,, of the DNA sample. They found that these duplex were destabilized by pressure
if their T,, was less than to 50 °C, but stabilized by pressure if it was more than 50 °C,
in accordance with some theoretical predictions. These observations are in accordance with
the determined pressure-versus-temperature phase diagrams of melting of the different DNA
samples used. It has been reported that pressure favors the B conformation of DNA and
slows down its transition to the Z conformation.?® It was hypothesized that some struc-

tural changes in nucleic acids induced by pressure could be driven by the transition of water
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structure from tetrahedral to a cubic-like geometry which is also accompanied by a negative

volume change (AV). 12097

4.2 RNA

The influence of pressure on the ribosome has also been investigated on the basis that
protein biosynthesis stops rapidly when E. coli cells are exposed to pressure (Table [1)). 128299
Actually, as a function of pressure a correlation was found between the dissociation of the
ribosomes into their 50S and 30S subunits and the cell death.”?” Pressure provokes not only
the dissociation of the ribosome into its 50S and 30S subunits but also that of these subunits
into their components.*

The tertiairy structure is particularly important for the properties of RNA and pressure
has been reported to have some specific effects on this structure in tRNA (disruption of
ionic interactions, bases stacking). At 6,000 bar phenylalanyl-tRNA and methionyl-tRNA
can be charged by their specific aminoacids in absence of their aminoacyl-tRNA synthetases.
The reaction takes place on the 3’ end and appears to be specific.”’# This reaction occurs in
absence of ATP and therefore does not need the activation of the aminoacid as adenylate.
The authors speculate that pressure induces the formation of the same chargeable state
of the tRNA than that promoted by its binding to the aminoacyl-tRNA synthetase. The
phenylalanyl-tRNA obtained by this way is the correct substrate for protein biosynthesis.’?
These effects of pressure can also be used to charge some tRNAs with non-natural aminoacids

for experimental use.?%

4.3 Loop-loop interactions, hairpins and bulges in RNA

Several model systems of RNA motifs and domains have been used to evaluate the effect of
hydrostatic pressure and extrapolate on its possible impact on large RNAs. As mentioned
before, the pressure has an impact on the association/dissociation on protein subunits. In

the case of RNA, the GAAA tetraloop-receptor was used to study the impact of pressure on
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loop-loop interactions which are recurrent tertiary interactions in many RNAs. The pressure
has a small negative effect on the formation of the GAAA tetraloop-receptor interaction with
a AV of 5 to 9 ml/mole depending on the Mg*" concentration which remains modest in
comparison with what is observed in protein-protein or protein-nucleic acid interactions (50-
260 ml/mole).?"

Similarly, some very small RNA hairpin ribozymes are involved in several important
biological processes. Several biophysical methods, including pressure were used to study
their structural and thermodynamic properties. For this purpose, the small synthetic sSRNA
hairpin loop GCUUCGGC was labeled with fluorescent probes in 3" and 5’ positions in order
to use fluorescence energy transfer.”’ Since the stem of the hairpin loop is very short (two
base-pairs), we would expect that high pressure and temperatures (P = 4000 bar and T >
70 °C > Tm) would destabilize and unfold it at some point. However, the tertiary structure
of this molecule is rather resistant to pressure and temperature. In fact, it appears to be
able to adopt a series of different states which correspond to only partially unfolded states
that are not present in standard conditions.?%

In contrast to DNA, RNA molecules naturally include unpaired or single-stranded regions.
Bulges are particular cases of one or several unpaired nucleotide(s) within a double-stranded
region or stem. Single nucleotide bulges confer some conformational flexibility to the stems:
it can be stacked in the stem or looped out or in equilibrium between the two conformations.
The conformations of such bulged nucleotides were studied in the case of an adenosine bulge
(Figure [10]).207

The adenine base can flip out, a process which depends on the nature of the neighboring
nucleotides. This movement not only changes the local conformation of the RNA but it also
exposes its internal region to the solvent and ligands. It was estimated that the pressure
increases the energy barrier for the transition from a stacked in to a looped out conforma-
tion.”’” As shown on some proteins, the pressure can reduce the molecular motions and alter

its function.””® In these cases, the exposure to high pressure values increases the roughness
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Figure 10: Structure of an adenine bulge with two conformations in equilibrium: stacked in
(left) and looped out (right).

of the free energy landscape but it does not change the energy barriers.

The mechanism of action was attributed to the solvation with the presence of a larger
number of water molecules around the stacked in conformation.?"” Thus, reducing the molec-
ular motions around the bulge nucleotide will shift the equilibrium towards the more solvated
conformation. Since paired and unpaired nucleotides in RNA have different solvation pat-

terns, 2%

we might expect that pressure could have an impact on changes associated with
transition between bulge in/out conformations (Figure . In the case of ribozymes, such
conformational changes associated with folding and formation of the catalytically active

conformation are common (Figure [3| and [4).

5 High pressure studies of ribozymes

We should recall that both hammerhead and hairpin ribozymes fold in presence of diva-
lent metal ions (Mg*") which are required for the RNA to adopt its active conformation
(Figure |3| & Figure . They undergo several conformational changes along the reaction
pathway leading to the cleaved products each of which can be affected by high pressure. The

catalytic mechanisms involve in both cases some protonated/deprotonated nucleobases in a
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local environment that probably induces a pKa shift of those catalysts (Figure [2c and )
High pressure is also susceptible to alter the processes involved in the chemical steps of the

reaction.

5.1 Hairpin ribozyme

The wild type hairpin ribozyme isolated from the tobacco ringspot virus satellite, TRSV®21V
(Figure {)) has been used to study the effect of pressure on the kinetics of the self-cleavage
reaction catalyzed by this ribozyme. This catalytic mechanism involves a structural rear-
rangement during which loops A and B come into close contact to form the catalytic site.*H
Pressure has a negative influence on the activity of this ribozyme.?t? The plot of the log-
arithm of the rate constant of the reaction against pressure allowed to calculate a positive
AV7 of activation of 34 4 5 ml/mol in accordance with the transient domain closure oc-
curring during the reaction. The variation of the equilibrium constant of the reaction as a
function of pressure allowed to calculate a reaction AV of 17 & 4.5 ml/mol. These influences
of pressure were fully reversible, confirming the interpretation that the decrease of activity
was not due to an artefactual alteration of the structure of the RNA molecule but to a
conformational change involved in the reaction. Osmotic shock experiments using PEG 400
or dextran 10000 as co-solute showed that the increase of osmolarity of the solvent increases
the rate of the compaction which accompanies the formation of the transition state and that
this domains closure results in the release of 78 4+ 4 water molecules per mole of ribozyme.
These results provide the following scheme for the self-cleavage reaction of this ribozyme.
The quantitative parameters obtained are of the same order of magnitude as those re-
ported for reactions catalyzed by proteic enzymes. Interestingly, it has been shown by
Schuabb et al., (2017)% on the same ribozyme that, although pressure slows down the over-
all reaction, it accelerates the catalytic step of transesterification, an observation which is
attributed to a local strengthening of interactions between the catalytic site and neighboring

nucleobases. Rate constant determinations confirm that it is the docking of loops A and
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Figure 11: Volume changes and water molecules movements during the self-cleaving reaction
of the hairpin ribozyme; modified from Liu et al. (2007).% Copyright (2007) National
Academy of Sciences.

B which is retarded by pressure (Figure . Based on the crystallographic structure of the
hairpin ribozyme,“*® Kumar and Marx used pressure in extensive molecular dynamics simu-
lations focused along the reaction path of this ribozyme, including the pre-catalytic states,
in order to obtain some information about the nucleobases involved in the reaction mech-
anism.?¥ They could establish that guanosine 8 stabilizes the in-line arrangement which
allows the nucleophilic attack of the scissile phosphate and that adenosine 38 is the proton
donor to the O5” oxygen (Figure [2k).

Besides, their investigation provides some information about the influence of pressure on
the different steps of the reaction, confirming that the chemical cleavage step is significantly
accelerated by pressure although the entire reaction is negatively affected.™22 The higher
rate of self-cleavage is conferred by a more favorable in-line configuration associated with
the H-bonds formed in the active site with the nucleobases G8 and A38 that act as catalysts
(Figure [2c and Figure . A recent solvation model of the hairpin ribozyme suggests that
the high-pressure regime pushes water molecules that penetrate into the interstitial spaces
[219°0On the other hand, the changes in the solvation induced by pressure turn out to slow
down the kinetics of the reaction.?? Thus, we would expect that pressure destabilizes some
of the docked states along the reaction pathway (Figure . Surprisingly, two studies on
the effect of molecular crowding on the hairpin ribozyme reveal that it actually stabilizes

the docked states.?1%217 So. the pressure and molecular crowding have the same effect on the
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Figure 12: Elements of the catalytic site of the hairpin ribozyme. The colored atoms cor-
respond to those involved in the chemical steps of the reaction and the annotations to the
different roles of the catalysts as described previously (Figure .

accelerating of the catalytic reaction. However, they have opposite effects on the stabilization
of the docked states. The kinetics of the hairpin ribozyme involves many different states
(Figure that cannot be all stabilized at the same time.

The use of the SELEX methodology allowed to obtain a modified active form of hairpin ri-
bozyme whose activity requires the presence of adenine.*!®(Figure [13)) This modified hairpin
ribozyme (ADHR1) differs from the wild-type by the substitution of four nucleotides includ-
ing adenine 38 which has been identified as a key residue for the reaction in the wild-type
ribozyme. 414219

The influence of pressure on the kinetics of this modified ribozyme was extensively stud-
ied.?2! Like in the wild-type ribozyme its activity depends not only on the presence of adenine
but it also requires the presence of magnesium. Its specific activity is independent of its con-
centration, as expected from a unimolecular intramolecular reaction, indicating that this

modified ribozyme does not form active dimers. This reaction is reversible but the pressure

decreases the apparent equilibrium constant and the plot of in(K,,) against pressure provides
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a AV value of 14 £+ 1 ml/mole. The influence of pressure on the rate constant of the reaction
indicates that its AV7 of activation (23 £ 2 ml/mol) is significantly smaller than that of
the wild-type ribozyme (34 4+ 5 ml/mol). This difference suggests that the structure of this
modified ribozyme might be shifted towards the transition state with respect to the ground
state of the wild-type ribozyme. However this hypothesis is not supported by the results
of the osmotic shock experiments which indicate that the formation of the transition state
is accompanied by the release of 100 + 18 molecules of water per molecule of the modified

ribozyme, as compared to 78 + 4 water molecules per molecule of the wild-type ribozyme.

5.2 Hammerhead ribozyme

Pressure was used to demonstrate that interactions of the hammerhead ribozyme with water
are essential for its structure and activity.?*! The influence of pressure on the hammerhead
ribozyme has been investigated in the case of the ribozyme from Chrysanthemum chlorotic

mottle viroid®*?whose the 67 nucleotides structure is the following (Figure [14):

1 55

Helix 2

A C/HeliX1UG
CAcGcaAu

GCGCACC A

A
A A C
UupCCUA CUGUGG,_ G

Cu
Loop 2 A%U Loop 1

Figure 14: Hammerhead ribozyme from Chysantemum Chlorotic Mottle Viroid (CCHMVd).
The arrow indicates the self-cleaving site. The nucleotide residues that are strictly or highly
conserved in most natural HHRs are on a black background.

Like in the hairpin ribozyme, the self-cleavage activity of this ribozyme requires a domain
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closure between two distant loops (loops 1 and 2) (Figure[14). As shown below (Figure [L5),
the kinetics of the self-cleavage reaction showed a biphasic profile, and the deconvolution

of this biphasic curve provided two exponential kinetics whose rate constants were ko5 =

0.049 min~" and kg, = 0.0025 min~! respectively.222
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Figure 15: Kinetics (left) and AV7 of activation (right) of the slow and fast populations of
the ribozyme from CCHMVd. Reproduced with permission from Kaddour et al. (2011)222
under [CC BY License]).

These results were interpreted as indicating that the fast population of ribozyme molecules
had already initiated the conformational change necessary for the catalytic activity. The in-
fluence of pressure was in accordance with this interpretation, the AV7 of activation being
2.6 ml/mol in the case of the “’fast” population and 11.5 ml/mol in the case of the “’slow”
population suggesting that the “fast” population has already undergone, at least partially,
the domain closure and that the very small remaining AV7 corresponds only to the last step
of the formation of the transition state. Together with the large difference between the rate
constants of the two molecular forms of this ribozyme, these results strongly suggest that
the domain closure is the limiting step of the reaction that it catalyzes.

Some previous study on a minimal hammerhead motif showed that high hydrostatic
pressure could rescue the catalytic activity of the ribozyme in absence of M ¢*t.223 It was

taken as a proof that Mg** does not play any direct role in the catalysis. For any minimal
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HHR motif that lacks the tertiary docking elements, the conditions for the catalysis are
sub-optimal 0102224 a1 d it would be hazardous to draw any conclusion on that matter.
However, it is consistent with the trend observed in the subsequent studies described above
showing that pressure can contribute to accelerating the M ¢?*-dependent folding into the

active conformation.

6 Concluding remarks

Although the different types of hammerhead and hairpin ribozymes discovered and charac-
terized over the past few years exhibit different 3D structures, their catalytic activities show
very similar mechanisms involving domain closure and folding of their catalytic sites. The
use of pressure to study these mechanisms revealed that the AV of the reactions or more
precisely their AV7 appear to be equivalent in both families of ribozymes (hammerhead and
hairpin) while the environment of the catalytic site (Figure [2)) and the global folds (Figures
and {f) are different. It is remarkable that both ribozymes exhibit similar responses under
pressure, which must be of significance concerning the origin and/or evolution of these very
peculiar RNAs.

Preliminary results show that, at least in the case of the hammerhead ribozyme, pres-
sure decreases the AV7 of activation, thus facilitating the formation of the transition state,
suggesting that the negative influence of pressure on the rate of the reaction must concern
a further step of this reaction but not the chemical step. The influence of temperature on
the activity of the hammerhead ribozyme was also investigated. The rate of self-cleavage
increases with temperature up to 60 °C, then there is competition between activity and denat-
uration of the RNA. However a very efficient protection of the ribozyme against degradation
is observed for monovalent cations such as Na™ or KT.22° Although there are similarities
in the effect of pressure and molecular crowding on enzymes, it may differ in the case of ri-

bozymes. The crowding effect tends to optimize the catalysis of group I and group II introns
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by stabilizing the folded states;%4%227 it also tends to stabilize the folded state of the hairpin
or hammerhead ribozymes, 216217228

Altough only two self-cleaving ribozymes were subjected to studies about the effect of
pressure on their catalytic activity, other ribozymes share some common catalysts with
these two of them. The reaction mechanism of VS ribozymes is based on almost all the
same catalysts than those of the hairpin ribozyme (Figure [2¢c and ) So, we might retreive
some similar behavior for the VS ribozymes where pressure speeds up the chemical steps of
the reaction. To a lesser extent, the hammerhead and glmS ribozymes have some common
catalysts (Figure and ) although a major difference is the implication of an external
catalyst as coenzyme (GlcN6P) in the second one.

The hairpin and glmS ribozymes also share some unexpected features with respect
to the use of coenzymes as catalysts. The hairpin ribozyme could be converted into a
coenzyme-dependent ribozyme by in wvitro selection of an adenine-dependent hairpin ri-
bozyme (ADHR).® The adenine ligand acts as an external catalyst and can be considered
as a coenzyme; it replaces the adenine present at the catalytic site of the wild-type hair-
pin ribozyme.*?¥ On the opposite, the glmS ribozyme could be converted, using a similar
approach, into a coenzyme-independent variant where the catalytic properties of the ligand
are partially replaced by metal ions.??? Pressure studies might shed light on the involve-
ment of water molecules in the cooperation co-enzyme-enzyme and differences in the relative
solvation patterns.

The role of coenzyme or cofactors at all steps of the metabolism and their distribution
within the three kingdoms of life suggest that a great variety of nucleotides was present at the
origins of life. Several authors have underscored the possible presence of coenzymes before

4230 coenzymes, nucleobase-metal catalysis and

the appearance of the translation machinery:
ribozymes being fossil traces of past catalysts. It is even possible to consider that catalytic
groups that were part of nucleic enzymes were incorporated into specific amino acids rather

than being retained as coenzymes. This could be the case of imidazole, the functional group
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of histidine, whose present synthesis in the cell is triggered by a nucleotide.

The use of a coenzyme by the glmS ribozyme suggests a path for the transition from the
RNA World where cofactor-dependent ribozymes may have evolved to bind amino acids non-
covalently and then covalently thus driving the evolution of RNA aminoacylation.™*¥ Some
small RNAs carrying bulge nucleotides were found to be able to catalyze self-aminoacylation
using aminoacyladenylates as substrates.** More generally, bulge nucleotides represent po-
tential binding sites for proteins or amino acids, based on the observation that protein-

232 Thus, they could have played a

binding RNAs possess a higher proportion of bulges.
role in prebiotic synthesis of polypeptides in the hypothetic RNA World. The influence of
pressure on the process of adenine flipping out, in several synthetic small RNAs is rather
complex but is compatible with this hypothesis.“"

Key questions in understanding catalysis in the adenine-dependent hairpin ribozyme
(ADHR) representing a model for which ribozyme-mediated RNA catalysis is ligand induced
like in the glmS ribozyme, include resolving how catalytic activity is realized and which
structural rearrangements are associated with the cleavage process. The exogenous adenine
cofactor is able to overtake essential functional properties in catalysis. In the case of glmS,

L0 and its substitution seems to

the GlcN6P coenzyme is known to play multiple roles
require two additional metals at the binding site.*
Studying the adenine-dependent hairpin ribozyme or the coenzyme-independent glmS
ribozyme therefore enables the dissection of catalytic contributions to ribozyme activity. It
revealed, for example, the particular role of the residue G65 in the catalysis by the wild-type
ligand-induced glmS ribozyme.*? Both ribozymes represent models for evolutionary ances-

1412122233 and thus, might provide insight into catalysis in an

tors of chemistry essential for life,
“RNA world” ®#2% The possible interconversion between coenzyme-dependent to coenzyme-
independent ribozymes or vice-versa makes difficult to make a clear statement about which

one would be the primordial copy and how it would have evolved. Generally, we expect that

the current ribozymes to be more catalytically efficient than their primordial versions from
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the RNA world. It might not be the case depending on the cellular environment like for
the hammerhead ribozyme.? Some higher degree of organization through self-assembly may
also play a role in the modulation of the ribozyme activity.%>*

A possible scenario is that life originated in the depth of the primeval ocean of the early
Earth, under high hydrostatic pressure because the large amount of water would prevent
against harmful radiation during pre-biotic chemistry. Viroids are sometimes considered
as vestiges of the RNA world;?"®3 their multiplication requires three catalytic activities for
the genome to be replicated: two of them were reproduced in artificial ribozymes (RNA
polymerization and RNA ligation) while the third one is still present in one family of viroids
(RNA cleavage by the hammerhead ribozyme).

Further studies of ribozymes under high pressure should be carried out. Ultimately, the

effect of pressure might also help to elucidate the detailed catalytic mechanism of self-cleaving

ribozymes.
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