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Abstract
The typical environment for biomolecules in vivo is highly crowded. Molecular crowding effects can affect radically RNA folding

mechanism as well as stability and function. To mimic in dilute solution, some of these effects, a combination of biophysical

techniques and extreme physical-chemical parameters changes is used to probe the structural flexibility and function of RNA from

Avocado Sunblotch viroids. Such viroids are non encapsidated RNA plant pathogens which possess a catalytic hammerhead ribozyme
activity. To date, little is known regarding the conformation of ribonucleic acids (RNA), and the ways by which such viroid induces

diseases. NIR Raman spectroscopy study gives several markers which are sensitive to RNA folding and structural changes. A typical «
A-type » RNA conformation with ordered double helical content and a C3’-endo/anti sugar pucker configuration are found which are
destabilized by high temperature. Deuteration not only decreases RNA self-cleavage activity but induces a new secondary structure.

Surprisingly, the self-cleaved RNA Raman vibrational modes, exhibit noticeable frequency downshifts suggesting that phosphodiester
and phosphodioxy structures are modified. A designed baro bio-reactor has been developped which allows at constant pressure,
rapid injection of activators and sampling out of products. Bell-shape temperature-profiles of RNA’s cleavage activity are obtained

which is independent of the pressure. However pressure decreases the rates in a non-linear manner with an initial activation volume
ΔV‡ = + 20.5 ml/mole, and an activation isothermal compressibility Δβ‡ = 8 10-6 MPa-1 suggesting that the active site is controlled

by complex multi-conformers. However, study on a model full-length ribozyme (54), shows clearly two distinct pressure-sensitive
activities indicating the participation of a fast cleaving and a slow cleaving conformers.
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Introduction
Typical environment for biomolecules in vivo, is highly crowded

due to the presence of various macromolecules in the cell, typically
in the range of 300-400 mg/ml [1] corresponding to 20-30% mac-

romolecular fraction [2,3]. In such conditions, subtle conformational transition, binding and activity may be affected by « molecular

crowding » effects such as volume exclusion which is suggested to

favor compact conformations based on entropic arguments [4,5]
as well as hydration of nucleic acids [6,7]. Repulsive electrostatic

interactions and mechanical environmental stress [8,9] similarly
induce compaction and/or destabilization of the structure of nu-

cleic acids. Biophysical properties of biomolecules inside cells can
be expected to be quite different from those measured in dilute so-

lutions. To mimic the cellular crowding effects in dilute solutions,
two perturbation biophysical techniques are developed such as
NIR Raman Spectroscopy which is an excellent tool to character-

ize the RNA’s structures and conformations, in response to changes in extreme physico-chemical parameters and a high pressure
bio‐reactor permitting injection of activators and sampling out of
products in order to probe self-cleavage activity of ASBVd viroids

and an isolated hammerhead ribozyme (54), in response to high
temperature and high pressure effects.
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Raman scattering effect occurs when light encounters a non-

sure. Such technique requires demonstration that the observed

of the incident light resulting in a change in frequency of the in-

measurement of enzyme kinetics is not always available. We have

homogeneity scattering material and interacts with the electron

cloud and the bonds of that molecule. The inelastic scattering
cident photons is known as Raman scattering. Raman spectros-

copy measures the intensity of the scattered light. If the frequencies of the scattered photons have lower frequencies than the

initial radiation, then the Raman lines are referred to as Stokes
bands and those that have higher frequencies are known as anti-

Stokes bands [10]. Stockes Raman scattering is widely used as
the intensities of the Raman bands are higher than anti-Stokes

Raman scattering bands. The frequency of each Raman band in the
Raman spectrum is characteristic of a particular vibration mode
on the molecule. The vibrational modes of a molecule are then sensitive to the atomic and functional group composition, as well as

the environments and the interactions of these groups. Vibrational
spectra contain a great deal of information about the molecular

changes do not arise as a result of direct effect of pressure on the

chromophore or fluorophore. In addition, an optical method for the
previously developed a reactor permitting to directly sampling-

out products at any pressure for steady state studies of enzyme
kinetics [21]. Initially, the pressure is maintained constant manually through a high pressure generator. In the present study, during

the sampling-out of products, the pressure of the reactor can be
kept constant by a programmable remote-controlled motor of the

generator. Because aqueous solution is non compressible, during
sampling-out a drop of the pressure will occur which perturbs the
accuracy of the measurements. Gel electrophoresis analysis is then
used to measure the fraction of the cleaved products as a function
of time at any pressure and temperature under study.

The RNA from Avocado Sunblotch viroids (ASBVd) is an excel-

structure and dynamics of RNA [11,12]. Raman spectroscopy has

lent model for such study. They are the smallest pathogens of plants

tions under near-physiological conditions [13]. The common goal

signals are not contaminated by the capsid proteins. Avocado sun-

a great potential to probe molecular structures, not only of highly
concentrated fibrous forms but also of diluted nucleic acid solu-

in such investigations is to establish a reliable correlation between
vibrational spectra and specific structural features of RNAs and
their biologically important complexes. In particular Raman vibra-

tional modes of the RNA phosphodiester group and base rings are
sensitive to the conformation of the RNA backbone [13,14] Librar-

characterized by a compact rod-like circular RNA 246-475 nucleotides long [22]. They have no envelope, no capsid, so that the Raman

blotch viroids (ASBVd) belongs to the Avsunviroidae familie, that

does not code for any protein and possesses a catalytic RNA with a

hammerhead ribozyme (HHR) motif responsible for a crucial cleav-

age step during viroid replication. Metal ions are involved in HHR
activity within the cleavage sites (C-U and C-G) [23,24]. Cleavage

ies of empirically established correlations between Raman spectra

is a transesterification reaction that converts a 5’, 3’ diester to a

involving Raman conformation markers of RNA structures are as

erated from ASBVd through the symmetric rolling circle mecha-

and biologically important active nucleotide structures in the A, B

and Z forms have been compiled [15], although some correlations
yet not fully interpretable and are being intensively investigated.

Nevertheless, correlation between Raman vibrational spectra and

specific structural features of RNA from Avocado Sunblotch viroids
(ASBVd) have been clearly established in this manuscript.

High Pressure is an interesting tool to shift equilibrium of multi

component systems towards more compact states and to perturb

their associated kinetic properties. Variations in «reaction volume»

as well as «activation volume» associated with all these « conformers » can be deduced from the « Le Chatelier » principle [16,17].
High pressure physico-chemistry studies are used as a tool to probe

the stability and dynamics of macromolecules to understand structural transformations in these macromolecules and their biologically relevant properties [18-20]. Detection of reaction equilibrium

and kinetic changes are obtained usually by observation of some
spectroscopic variables (absorption or fluorescence) under pres-

2’, 3’ cyclic phosphate diester via an SN2 mechanism [25]. During
replication, (+) and (-) complementary strand sequences are gen-

nism [26]. The analysis of the ASBVd contents in avocado extracts
[27] revealed the presence of RNA of both polarities in multimeric

forms, from monomers to octamers for ASBVd(+) and monomers
to dimers for ASBVd(-). It has been shown that complexes between

viroids and specific tRNAs exist under physiological conditions.

The fact that the concentrations of tRNAs and viroids may be sufficiently high in the cell, suggests that these complexes may also

be formed in vivo with functional relevance [28]. Because of the
diversity of structures and dynamics that participate in viroid trafficking within the cell and between cells, as well as during infectiv-

ity, it is of crucial interest to characterize the structural elements

involved in viroid processing. These viroid structural components

might represent the driving force necessary to penetrate the cell as
well as to interact with cell components. Furthermore, structural

elements possibly correspond to functional changes during the life
cycle of the viroid [29,30]. Despite the large amount of information
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regarding the molecular biology of Avsunviroidae, to date little is

sampling-out every 5 mn till 120 mn. Aliquots were removed from

for efficient self-cleavage of such viroids [12].

mM EDTA, pH 7.5 and 0.01% xylene cyanol) to determine the frac-

known regarding the structure and conformational aspects of the

cleavage of (-) and (+) ASBVd strands and the catalytic role of Mg2+

Materials and Methods

Plasmid construct and viroid preparation
Plasmid pBmASBVd was constructed by cloning the monomer

ASBVd sequence into the PKS plasmid, restricted by the EcoR1 and

BamH1 enzymes, and the monomer sequence was extracted from

the incubated samples in the high pressure bio-reactor at various
times and quenched in one volume of stop solution (7 M urea, 50

tion of the cleaved products at 25°C. The total experiment lasted
2-3 hours. Aliquots were then loaded onto a denaturing gel (6%
SDS-PAGE) for analysis.

Raman instrumentation and experiment
Because Raman scattering is typically very weak and the difficul-

the plasmid pBdASBVd containing a dimeric viroid cDNA [46].

ty is to separate the weak inelastic scattering light from the intense

were PCR amplification products using respectively the oligonu-

because the use of an near‐infrared excitation at 780 nm (a dou-

Viroids were prepared by in vitro transcription. DNA templates
used for transcription to synthesize the (-) and (+) ASBVd viroids,
cleotides sense 5’-TAATACGACTCACTATAGGAAGAGATTGAAGAC-

GAGTG-3’ containing the T7 promoter (underlined) and antisense

5’-GATCACTTCGTCTCT TCAGG-3’ or the oligonucleotides sense
5’-AAGAGATTGAAGACGAGTG-3’ and antisense 5’-TAATACGACTCACTATAGGGATCACTTCGTCTCTTCAGG-3’ containing the T7 pro-

moter (underlined) as primers in the presence of the pBmASBVd
plasmid. The cDNAs recovered were precipitated with ethanol, and

Rayleigh scattering laser light. A new home-built near-infrared

(NIR) Raman spectroscopy is setup which is more sensitive and

ble photon excitation) permits to avoid excitation of fluorescence
emissions. Briefly, the excitation light at 780 nm was provided by

continuous wave Ti:Sapphire laser (Spectra Physics, model 3900S)
pumped by an argon-ion laser (Spectra Physics Stabilite 2017). The
configuration of the excitation optics is shown in Figure 1.

the resulting pellets were dissolved in water. The transcription
reactions performed by the T7 RNA polymerase were carried out

overnight at 37°C in a final volume of 5 ml containing transcription
buffer, each rNTP, and RNase inhibitor (Fermentas). The transcriptions were stopped by treatment with RNase-free DNase I (Fermen-

tas) for 30 min at 37°C, to degrade the DNA template. RNAs were
precipitated with ethanol and resuspended in water containing

0.05% xylene cyanol and 50% deionized formamide. The resulting mixture was denatured for 2 min at 65°C prior to fractionation

by denaturing (7 M urea) 10% polyacrylamide gel electrophoresis
(PAGE, 19:1 ratio of acrylamide/bisacrylamide) using TBE buffer.

Transcripts were detected by UV shadowing and the bands corresponding to the 247 nt full length fragments of both polarities were
excised, the RNA eluted overnight in 300 mM sodium acetate, pH

5.2, filtered through 0.22 μM filters, ethanol precipitated and dried.
After dissolving in ultrapure water, the RNAs concentrations were

determined by UV absorbance (NanoVue GE Healthcare) and the
samples were stored at -20°C.

Gel electrophoresis experiment
Kinetic of the viroids cleavages were followed at 45°C in 50 mM

cacodylate buffer (or D2O buffer), pH 7.2 in the presence of 150 mM

KCl and 20 mM Mg2+. For high pressure experiments at several tem-

peratures, Tris buffer was used. 35 ml of incubated solution was

Figure 1 : Configuration of the laser excitation optics in the NIR
raman spectroscopy setup. Laser 1 is an argon-ion laser (Spec-

tra Physics Stabilite 2017) used to pump a continuous wave

Ti:Sapphire laser 2 (Spectra Physics, model 3900S). The output
Laser at 780 nm (in red) is used to excite the viroid solution in a

sample cell. The spectrograph (Acton SpectraPro 2500i) is coupled with deep-depletion back-illuminated NIR CCD (Princeton
Instruments SPEC-10 400BR/LN).

The details of the NIR-Raman spectroscopy detection system is

shown in Figure 2.
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Raman spectra were acquired with the WinSpec software, fur-

ther data treatment was performed using Igor Pro for Windows
software. To obtain the viroid Raman spectrum, the contributions

from the PBS and quartz cell were subtracted from the recorded

spectrum, normalized on the water bending band around 1640
cm-1. Spectral resolution of Raman experiments was ~5 cm-1. Frequency calibration was performed using Raman lines of toluene

with absolute accuracy ±2 cm-1 and relative frequency position ac-

curacy better than ±1 cm-1. The total accumulation time for one Ra-

man spectrum was 10 to 30 min depending on the sample studied.

For Raman experiments, 800 μg of dry RNA were suspended in

Figure 2 : Light paths of the sample’s optical excitation system
(in red) and Raman light scattering detection system in the NIR

Raman spectroscopy setup. (B.O.) is an infinity-corrected long

working distance objective (Olympus MA10, M= 10X, NA = 0.25).
(C.) is a quartz sample cell (external dimensions 10x10x40 mm,

10 μl of water and denatured at 95°C for 45 s and then slowly (3°C/

min) renatured by cooling to 20°C. Salts and buffers were adjusted
to the experimental conditions in a total volume of 10-20 μL. The

final viroid concentration in the sample cell varied between 0.63
and 1 mM. The standard aqueous cacodylate buffer used in Raman

experiments (if not indicated otherwise) was the following: 20 mM

sodium cacodylate pH 7.2, 150 mM KCl, without Mg2+, at 20°C. The

internal dimensions 2x2x35 mm). (B.Th.) is a block in brass,

standard deuterated aqueous cacodylate buffer was the following:

was directed into the sample cell (C.) through an objective (B.O.)

at elevated temperatures, a thin layer of oil was accurately poured

surrounding the cuvette to thermostate the sample cell from
+5 to 95°C + /- 0,5°C. Near infrared (780nm) excitation power
used to collect the Raman signal in a backscattering geometry
and to deliver it onto the spectrograph (Acton SpectraPro

2500i) coupled with deep depletion back-illuminated NIR CCD
(Princeton Instruments SPEC-10 400BR/LN). The Raman light

was focused on the spectrograph entrance by an achromatic
lens with f = 75 mm.

Laser light was focused into the specifically designed quartz

sample cell (external dimensions 10x10x40 mm, internal

dimensions 2x2x35 mm) filled with viroid solution (10-20 μ l) by
an infinity-corrected long working distance objective (Olympus

20 mM sodium cacodylate pH 6.8, 150 mM KCl, no Mg2+, at 20°C.

The sample cell was thermostated within ±1°C. For measurements
on top of the sample solution to prevent evaporation.
High pressure bio-reactor

Theory of pressure and temperature effects
High pressure is usually chosen as a convenient tool to probe

enzyme stability and activity to examine the mechanism by which

enzymes catalyzed reactions. Following the Le Chapelier-Braun’s

principle an increase of hydrostatic pressure shifts the equilibrium
of multi component systems towards more compact state and accelerates the rates of the process [31,32].

Thermodynamically, the reaction volume and activation volume

MA10, M= 10X, NA = 0.25). Excitation power was attenuated to

are expressed as

it onto the spectrograph (Acton SpectraPro 2500i) coupled with

(δlnk/δP)T = - ∆V‡/RT

~300 mW in the sample cell. The same objective was used to col-

lect the Raman signal in a backscattering geometry and to deliver
deep depletion back-illuminated NIR CCD (Princeton Instruments

SPEC-10 400BR/LN). The Raman light was focused on the spectrograph entrance (slit width 30 μ m) by an achromatic lens with f

= 75 mm. The Raman signal was separated from the laser light by
two Semrock RazorEdge long pass filters (grade U). One filter, with
λlaser = 780 nm, was placed perpendicularly to the optical beam just

before the focusing lens, another one with λlaser = 830 nm was used
as a dichroic beamsplitter at an angle of incidence of 45°, it reflects

laser light at 780 nm and transmits all the wavelengths longer than
785 nm.

(∂lnK/∂P)T = − ∆V°/RT

...............(1)

...............(2)

Where K is the equilibrium constant, P the pressure in MPa, R

the universal gas constant (8.314 J mol-1 K-1), T the absolute tem-

perature in °K and ∆V° the reaction volume change (ml/mol) which
is equal to the difference between the partial molar volumes of the

products and the reactants, at constant temperature. k is the rate
coefficient and ∆V‡ the activation volume (ml/mol) at constant
temperature which is the pressure derivative of the change in activation free energy (∆G‡) at constant temperature.
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The origin of the reaction volume change is a complex contribu-

tion of several volumes

∆V°app. = V°intr. + V°cav. + V°solv.

...............(3)

Where V°intr. is the constitutive atomic volume. The presence of

void volume (V°cav. ) and differential hydration volume (V°solv. ) are
responsible for negative volume changes in the reaction [33]. Re-

garding the reaction rate constants, positive activation volume indicates a decrease of the observed rate (kobs ), while a negative acti-

vation volume indicates an acceleration of the observed rate (kobs ).

In the case of a non‐linear behavior of lnkobs versus pressure,

the observed rate (kobs ) is expressed by a quadratic equation [34]

ln kobs. = lnk0 – (∆V‡/RT) P + (∆β‡/2RT) P2

...............(4)

Where ∆β is the activation isothermal compressibility (MPa ),
‡

-1

kobs and k0 are the rate constants respectively at high hydrostatic

pressure and normal pressure, P the pressure in MPa, R the universal gas constant (8.314 J mol K ), T the absolute temperature
-1

in °K.

-1

Temperature is also an interesting parameter to probe the

structure and function of enzymes .The behaviour of reaction rate

constants is governed by the Eyring-Polanyi equation [35,36]. Energy barriers for conformational dynamics and enzyme catalytic
turnover is expressed as

ln (k/T) = - (∆H /R) . I/T + ln(kB/h) + ∆S /R
‡

‡

...............(5)

where k is the rate coefficient, T the absolute temperature, ∆H‡

the activation enthalpy, R the universal gas constant, kB the Stefan-

Boltzman constant (1.381 10-23 J K-1), h the Planck’s constant (6.626
10-34 J s) and ∆S‡ the activation entropy.

The comparision between Arrhenius equation and Eyring equa-

tion gives the following relation
Ea = ∆H‡ + RT

...............(6)

where Ea is the activation energy barrier of reaction. Low value

of Ea and ∆H leads to fast rates, high value of Ea and ΔH leads to
‡

‡

slow rates. Typical values of Ea and ∆H‡ lie between 20 and 150 kJ/

mol.

High pressure-temperature bio-reactor instrumentation
A schematic diagram of the high pressure-temperature bio-re-

actor system is shown in Figure 3. The reactor is composed of a

cylindric stainless steel block made of Iconel 718, the dimensions
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of which are : Øext. = 73 mm, long = 108 mm. A reaction chamber

of dimensions Øext. = 97.5 mm and Øint.= 10.5 mm is drilled inside

the block. A high pressure piston with Bridgman’s o-ring sealing is

included inside the chamber allowing the increase of pressure in
the chamber till a maximum of 400 MPa. The total volume of the re-

action chamber is about 5.3 ml. The pressure is controlled through
a programmable motor remote-controlled driver of the pump (Top
Industrie). The compression chamber is surrounded by a circulat-

ing brass room for temperature control from 5 to 95°C +/- 0.5 °C.

The bottom of the reactor communicates to a high pressure sasse of
small and fix volume (35 µl), through a high pressure valve (reactor
lock). The end of the sasse are closed by two high pressure two-way
valves (Top Industrie). One valve (sasse lock 1) communicates to a

pressurized nitrogen tank to purge the solution out of the sasse.

The second valve (sasse lock 2) allows to collect the solution inside
the sasse into a reaction stop solution. The RNA from Avocado Sun-

blotch viroid (ASBVd) solution is first incubated inside the reaction
chamber at a desired temperature. Then the substrate or the acti-

vator (20 mM Mg2+) is introduced quickly in the reaction chamber
through a small pressure-driven pump (Top Industrie). Initially,
the pump is isolated from the reaction chamber by a high pressure

two-way injection’s valve. The reactants are mixed with a magnetic stirrer and the pressure is increased rapidly at a desired value.

35 µl of the reactant mixture are sampling-out every 5 mn till 120
mn, into the sasse by opening the reactor lock. Then such lock is
immediately closed. Lock 1 and 2 of the sasse are then opened to al-

low the purge of the reactant mixture into a stop solution (quenched
solution) composed of 7 M urea, 50 mM EDTA, and 0.01% xylen Cy-

anol at 25°C. Each alicot is then loaded onto a denaturating gel (6%
SDS PAGE) for the determination of the fraction of cleaved products
by gel electrophoresis analysis. Because aqueous solution is not

compressible, each sampling-out of the reaction mixture from the
reactor chamber will drop the pressure of the experiments, leading
to some errors in the experiments. The designed compression reac-

tor described in this manuscript has the advantage as compared to
the previous setup [21], to automatically correct the dropping of

pressure during sampling-out to keep constant the experimental
pressure.

Figure 4 shows the details of the different components of the

pressure-temperature bio-reactor with sampling-in of substrates
and sampling-out of products.

The reactor (A) was coupled with a 400 MPa high pressure

pump. Both reactor and pump were driven by an electric motor (C)

related to a programmable remoted-controlled driver (D) from Top
Industrie. The temperature of the reactor was controlled through
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a circulating fluid (K) from the thermostat with an accuracy of +/-

0.5 °C. (E) is the high pressure transducer while (F) is a normal or

high pressure syringe used to inject the activator. The bottom of
the reactor was communicated to a sasse (H) of fixed volume (35
µl) which was isolated from the reactor through a lock (SL) and
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the two extremities of the sasse were closed by high pressure two-

way valves (S1 and S2). The solution of the sampling-out reactants

were purged by a pressurized nitrogen tank through a system of
manometer and valves (I). A detailed view of the reactor-high pres-

sure pump is shown in the right side of Figure 4, where (L) is gear

Figure 3: Principle of direct sampling-in and - out bio-reactor at constant pressure and controlled temperature.

The compression chamber is drilled inside is a cylindrical stainless steel block (made of Iconel 718, Øext. = 73 mm, long = 108 mm). The

dimensions of the compression chamber has a Øext. = 97.5 mm and Øint.= 10.5 mm, the volume of which is about 3.5 ml. A high pressure
piston with Bridgman’s o-ring sealing is included inside the chamber allowing to increase the pressure of the chamber till a maximum

of 400 MPa. The piston is electrically driven by a programmable remote–controlled motor (Top Industrie). The temperature of the
compression chamber can be regulated from 5 to 95 °C +/- 0.1 °C through a circulating fluid of the thermostat. The injection of the

reactants can be operated through a normal syringe or through a home made high pressure piston (HP injector from Top Industrie)
when the injection is required at high pressure. The originality of such a design is the existence at the end of the chamber of a sasse

of small and fixed volume (35 μl) to receive the sampling-out reactant’s volume at any pressure. Several high pressure valves (sasse
lock 1 and sasse lock 2 and reactor lock) control the sampling-out operation. The products of the reaction in the sasse was purged

out through a pressurized nitrogen tank and then the solution was stopped by a quenched solution (see materials and methods) for
electrophoresis analysis of the products. To avoid the drop of pressure at each sampling-out operation, a programmable remotecontrolled driver (Top Industrie) was used to keep automatically constant the pressure.
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Figure 4 : The home made high pressure-temperature bio-reactor allowing sampling-in of substrates and sampling-out of products.

All the different components are realized by Top Industrie. (A) is the cylindrical reactor chamber (volume of 5.3 ml) made of stainless

steel (Iconel 718) allowing the chamber to resist till 400 MPa. (B) is a 400 MPa high pressure pump equipped with a Bridgman o-ring

system for sealing. Such pump is connected to a special electric motor (C) (Top Industrie) to control automatically the pressure

of the chamber. (D) is the programmable remoted-controlled driver (Top Indiustrie). The pressure is measured throuh a pressure
transducer (E). (F) is a syringe used for normal pressure operation. For high pressure injection operation a small home made high
pressure pump (Top Industrie) replaces the normal syringe. The injection volume (< 0.8 ml) is controlled by a 2-ways high pressure
valve (G). (H) is the high pressure sasse isolated from the high pressure chamber by a 3-ways high pressure valve (SL). Opening of

this valve (SL) allows the sampling-out of reactants at constant pressure and temperature, into the sasse. The two ends of the sasse is
closed by two valves (S1: sasse lock 1 and S2: sasse lock 2). (I) is the exit of the valve (S2) for collection of the reactant’s solution into

a quenched solution to stop the reaction. (J) is a system of valve and manometer of the nitrogen tank used to purge the sasse. (K) is
the tubing of the thermostated fluid-in and fluid-out. On the right side of Figure 4, is a detailed view of the high pressure reactor. L is
the coupling gear wheel.

wheels to couple the motor and the pump.

Results and Discussion

Impacts of the extreme physico-chemical parameters on the
structure of RNA from Avocado Sunblotch viroids (ASBVd)
Raman spectra and assignments of the Raman markers
Raman spectra of ASBVd polarity (-) and (+) in a standard aque-

ous cacodylate buffer and in the absence of magnesium (20 mM
Mg2+), at 20°C are shown in Figure 5. The Raman spectra exhibit

about 30 well-resolved lines that arise from the vibration of sugarphosphate backbone of the RNA and nucleotide bases [37]. Dif-

ferent types of RNA possess rather similar lines except that their

intensities and frequency’s positions are different, depending on
each cooperative docked structure [38-40].

Several well resolved Raman lines can be assigned as RNA’s

structural markers.

Raman markers of the nucleotide heterocyclic rings and phosphodiester backbone linkage
Stretching vibrational frequency of purine (G) base is located

at 669 cm-1 the intensity of which is weaker than that of base (A)

located at 727 cm-1. The characteristic of these Raman lines are

dependent on the local conformation of the nucleotides [41]. Be-

cause the glycosidic bond (N-C1’) is close to the base moiety, there
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is appreciable vibrational coupling between the weak stretching

between purine bases and ribose in ASBVd(+), leading to a small

etry of the nucleotide bases (“syn” or “anti” overall rotation ge-

backbone of ASBVd(+). In addition guanine nucleotide stretching

vibration of the guanine and the stronger one of the ribose. Thus
the intensities of Raman lines may vary depending on the geom-

ometry with respect to the sugar) [42]. These lines can provide
information about the torsional rotations of the glycosyl bonds

and their flexibility. The stretching vibration mode at 727 cm-1 for

purine bases in ASBVd(+), exhibits a moderate decrease in inten-

sity (about 15%) as compared to that in ASBVd(-), Figure 5(a).
This can be interpreted as a ring vibrational coupling difference

local difference in the sugar puckering conformations, and suggesting the existence of a more compact and rigid geometry in the

vibration around 669 cm-1 is assignable to C3’-endo/anti conformation (“N-type”), while the C3’- endo/syn orientation of any G
base with respect to its adjacent sugar is characterized by Raman

marker located at 1320 cm-1 [42]. Raman spectrum of free ASBVd(-)

in Figure 5(a) shows the presence of a strong Raman line at 1252
cm-1 (I -1252 = 0.84) and a weaker Raman line at 669 cm-1 (I-669 = 0.3).

Figure 5: Assignment of major Raman lines of ASBVds. Raman spectra of ASBVd(-) ((a), blue curve) and ASBVd(+) ((b), red curve) are

obtained in aqueous cacodylate buffer, in the absence of Mg2+. Both spectra were normalized using the Raman line at 1100 cm-1 taken

as an internal intensity standard, and the contributions from the cacodylate buffer and quartz cell were subtracted. The black curve

(c) is the difference Raman spectrum obtained by (1:1) subtraction of the spectrum (a) from spectrum (b). The difference spectrum
(c) was multiplied by a factor of 3 to visually enhance the resulting spectral changes. (with the permission of BMC Biophysics (BioMed
Center) (37).

Both lines being assignable to nucleotides in C3’-endo/anti conformations. The same vibrational stretching lines are also observed in

cm-1. The Raman line at 785 cm-1 is assigned to ring breathing of
pyrimidine (C, U) bases [43,44], and the Raman line at 813 cm-1

ASBVd(+) Figure 5(b), with only slightly difference in intensities

is attributed to a symmetric stretching vibration νs (C–O-P-O-C) of

One characteristic feature in this region is the existence of two

tions of the RNA backbone [44-46]. They are being independent

(I

+

1252

= 0.79 and I

+

669

= 0.39).

strong and sharp Raman lines, respectively at 785 cm-1 and 813

the phosphodiester linkage of the RNA. Both the intensities and fre-

quencies of the Raman lines are sensitive to bond angle deformaon base composition [45]. Normalization of the intensities of these
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lines to the intensity of the phosphodioxy line ν(PO ) at 1100 cm
2-

-1

allows to estimate the double helical content (amount of secondary
structure)

r2 = I813/I1100

...............(7)

It was shown that for completely ordered polyribonucleotides,
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secondary structure (r2) as compared to ASBVd. This result
can be interpreted by a difference in the local phosphodiester

conformation of the « A-type » structure. It is to note that rconf. for

ASBVd(+) in Figure 5(b) is the same as for ASBVd(-), while a slight
frequency downshift is observed in the -C-O-P-O-C- vibrational

mode at 813 cm-1 (see Figure 5(c)), indicating a slight difference

the value of r2 = 1.64 [47], while for completely disordered struc-

in the rigidity of the phosphodiester backbone of ASBVd(+). On the

factor 1.64 as a coefficient of division, leading to respectively 76%

frequency.

tures, the r2 value approaches zero [51,52]. Thus the ratio r2 can

be converted into % of ordered polyribonucleotides by using the
and 78% helical content for ASBVd(-) and ASBVd(+).

Our results are to be compared to those of Thomas., et al. [47]

contrary, the phosphodioxy stretching mode at 1100 cm-1 in both

minus and plus strands remains the same, both in intensity and
Sugar and phosphoionic stretch frequency markers
Several weaker lines (866, 917, 928 cm-1) which are originated

that give respectively the values of 95%, 85%, 87% helical content

from sugar vibration modes and a strong prominent Raman line at

ASBVd viroids.

The strong Raman phosphoionic line is sensitive to changes in the

for 16S rRNA, 23S rRNA and R17 RNA. The secondary structures

of these RNAs are more ordered and structured than in the case of

As the intensities of the Raman lines at 785 cm-1 and 813 cm-1

vary relatively to each other at different RNA configurations, we
can define a conformational parameter (degree of « A-type » phos-

phodiester conformation) as
rconf. = I785/I 813

...............(8)

Where I785 is the intensity of the ring breathing vibration of

pyrimidine (C, U) bases, while I813 is the intensity of the symmetric

1100 cm-1 which is assigned to the symmetric ν (PO2-) stretching

vibration mode of the phosphoionic group appear (see Figure 5).
electrostatic environment of the phosphate groups [48]. At con-

stant ionic strength, the phosphoionic stretching vibration mode
is expected to have the same intensity for all the polynucleotides

and RNA [49,50] because it is not sensitive to the sugar-phosphate
diester conformational change but depends only on the number of

anionic oxygen atoms and therefore it can serve as a useful internal
Raman marker [45].

Raman markers of base-stacking, base-pairing and sugar

stretching vibration of the phosphodiester linkage νs (C–O-P-O-C).

puckering.

estimation of rconf. The conformation of the sugar-phosphodiester

there are several Raman lines which are characteristics of purine

785/813 cm exhibits typically higher Raman intensity for 811–

degree of base-base stacking interactions such as

In order to overcome the spectral overlap problem between these
lines, we have adopted the method based on peak heights for the

group of ASBVd(-) is characterized by a value of rconf. = 1.14.

Interestingly, for a canonical « A-form » RNA, the Raman doublet
-1

813 cm-1 line as compared to that at 785 cm-1 line leading to rconf.

< 1. For soluble DNA in a “canonical” B conformation, the Raman

line at 813 cm-1 is converted into the broad shoulder at 835 cm-1

In the frequency region between 1150-1600 cm-1 (see Figure 5),

and pyrimidine coupled nucleotide vibrations. These lines are very
sensitive to ring electronic vibrations and are used to define the
rstack = (I1300 + I 1378)/I1338

...............(9)

Where I1300 and I1378 are the normalized intensities of composite

leading to rconf. → ∞. However, in the presence of low salt and 75%

vibrations of adenine or guanine ring systems (νpyr. + imidazole) consist-

was found for ribozyme D5-PL-RNA where rconf. = 1.01 [39]. The

idazole ring vibration alone (νim at 1338 cm-1). It has been shown

humidity, the symmetric phosphodiester line at 813 cm-1 appears

in DNA fiber, yielding a rconf. = 1 [14]. The same conformation

ing of fused cycle of six-membered pyrimidine and five-membered
imidazole (Iim.) rings, while I1338 is the normalyzed intensity of im-

difference in the rconf. parameter between ASBVd(-) and fiber DNA

by Valdemaras R., et al. [52] that such composite factor (rstack) is

located in the -C-O-P-O-C- networks and possibly also in the ribose

of both polarity, the factor rstack is equal respectively to 1.35 and

indicates that although both nucleic acids are in the « A-type »
conformation, they differ in subtle bond-stretching vibrations

ring [39,45]. Higher value of rconf. = 1.6 was found in the structure

of formylmethionyl-tRNA [38], although it exhibits similar ordered

choosen to better characterize the base-base interactions rather
than to use each base ring vibrational mode alone. For free ASBVd

1.42, indicating a slight decrease in base-base interactions in AS-
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BVd(+) structure.

Figure 6 (a). In addition, the existence of a Raman line at 669 cm-1

appear. Line around 1233 cm-1 is assigned to (U, C) ring stretching

increase in temperature till 60°C, perturbs radically the Raman

In the same frequency region, many characteristic Raman lines

vibrations which is a strong marker upon thermal unfolding (hyperchomicity). Interesting, sugar pucker structures and the bases

rotation geometries determine the conformation of the nucleo-

tides involved in RNAs motifs. The “N-type” structure is characterized by Raman marker around 1252-1254 cm-1 which is assignable

to C-3′ atom of the sugar in “endo” position and the corresponding
base in “anti” rotation geometry. The “S-type” conformation exhib-

its Raman marker line around 1267 cm-1, which is assignable to
the C-2′ atom of the sugar in “endo” position and the base in “anti”

rotation geometry (Raman tertiary structural marker). Figure 5
shows that the RNA of ASBVd of both polarity exhibits a « N-type »

structure. The ribose in the RNA is manifested by a Raman line at
about 1460 cm-1 attributed to methylene twisting (νt(δ-CH2)). Raman

lines at 1485 cm-1 and 1574 cm-1 are attributed to purine A-G cycle

vibrations along the long/short axis and the hydrogen bonding of
bases [53].

Raman markers of H-bonding and carbonyl C=O stretching
modes
The strong Raman lines resulting from (A, G) bases ring stretch-

ing vibrations are located at 1485 cm-1 and the H-bonding stretch-

ing vibration is located at 1574 cm-1 while the H-bonding in car-

bonyl C=O stretching modes of pyrimidines manifest a broad band

centered around 1640-1686 cm-1. In ASBVd (+) the maximum line
at 1686 cm-1 is not appreciably changed as compared to ASBVd (-),

(Figure 5). However a slight frequency downshift at 1574 cm-1 is
observed for the H-bonding marker between A and G bases.

Impacts of temperature-induced unfolding, deuterium solvent and self-cleavage activity on Raman structural markers
Effects on nucleotide heterocyclic rings, phosphodiester backbone and phosphodioxy stretch vibration modes
Figure 6 shows different perturbation effects on respectively

the nucleotide heterocyclic rings and phosphodiester backbone

and 1250 cm-1 reveals a typically « N-type » sugar pucker confor-

mation for both polarity of the ASBVd. Figure 6 (b) shows that an

spectrum of the nucleotide heterocyclic rings and the phosphodiester backbone linkage, validating the use of such lines as character-

istic Raman markers for temperature-induced unfolding process.
The phosphodiester mode (815 cm-1) decreases in intensity and

downshifts by ∆ν of -15 cm-1, concomitantly, a broad shoulder at

779 cm-1 appears. This result is indicative of a destabililization of
the helical structure (loss of 27% ordered helical content) and a
loss of a « A-type » structure of the RNA with the appearance of a

new nucleotide conformation. In the contrary, the effects of deuterium solvent show huge changes in purine (A) (at 727 cm-1) and

(G) (at 669 cm-1) Raman lines with frequency downshifts of ∆ν =

- 11 cm-1, Figure 6 (c). The causes of such changes are the removal
of coupling between ribose and purine bases upon deuteration. In

the same time pyrimidine Raman line at 785 cm-1 downsifts to 717
cm-1 with an important intensity decrease indicating that a new

« A-type » structure is appearing. The conformation ratio (rconf.) de-

creases by 25% and the helical content (r2) increases from 1.28 to

1.40. The result suggests that deuteration process induces a helical

rearrangement to a new conformation and perturbs the internal

loops interactions. Figure 6 (d), shows the consequence of the selfcleavage of RNA from ASBVd on the Raman specific markers. After

cleavage of the RNA, the obtained pyrimidine Raman line at 784
cm-1 and the symmetric phosphodiester Raman line at 813 cm-1 are
found to be downshifted by ∆ν -10 cm-1 (-6%) and the intensity of

the Raman line at 813 cm-1 of the phosphodiester linkage increases
by 4%. These frequency downshifts are indicative of vibrational

energy decreases, characteristic of some conformational changes
which is a consequence of the self-cleavage transesterification that

converts 5’, 3’ phosphodiester into 2’, 3’ cyclic phosphate diester
[25]. In Figure 6 (e), it is shown that both the sugar and phospho-

dioxy Raman markers are similar for ASBVd polarity (-) and (+).
While increasing the temperature till 60°C, Figure 6 (f), down-

shifts the phosphodioxy Raman line from 1100 cm-1 to 1087 cm-1
(∆ν = -13 cm-1) presumably due to temperature-induced changes

linkages. The polarities (-) and (+) of ASBVd viroids exhibit simi-

in hydration of the charged phosphates. The small sugar Raman

mations (rconf = 1.14), while there is a slight frequency downshift

Figure 6 (g), but slightly increases the sugar Raman line at 928

lar secondary structure of a « A-type » RNA (helical content equal

respectively to 78% and 76%) and similar phosphodiester confor-

in the 813 cm-1 and 785 cm-1 Raman lines indicating a slight dif-

ference in the rigidity of the phosphodiester bacbone of ASBVd(+),

line at 840 cm-1 slightly increases. Deuteration of the RNA from ASBVd does not perturb the phosphodioxy Raman line at 1100 cm-1,

cm-1. Raman lines from sugar stretch vibrations, at respectively 917
cm-1 and 866 cm-1 sligthly decreases in intensities. Figure 6 (h)
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Figure 6: Effects of polarity (-) and (+) of ASBVd in panel (a). High temperature in panel (b), deuterium solvent in panel (c), and

self-cleavage activity in panel (d) on Raman specific markers of RNA’ nucleotide heterocyclic bases and phosphodiester backbone
vibration modes of Avocado Sunblotch viroids. Blue curves are RNA spectra in normal conditions. Red curves are the perturbation

Raman spectra. Black curves are difference spectra of red curves minus blue curves. Effects of polarity (-) and (+) of ASBV in panel (e).

High temperature in panel (f). Deuterium solvent in panel (g) and self-cleavage activity in panel (h) on Raman specific markers of sugar

and phosphodioxy stretch vibration modes of Avocado Sunblotch viroids. Blue curves are RNA spectra in normal conditions. Red curves
are the perturbation Raman spectra. Black curves are difference spectra of red curves minus blue curves. (with the permission of BMC
Biophysics (BioMed Center) (37)).

shows that self-cleavage of RNA from ASBVd induces several down-

-1

BVd(-) while the intensity of such Raman line decreases moderately

a consequence of environmental changes after the self-cleavage

stacking mode which contributes importantly to the conforma-

shifts of the phosphodioxy Raman line from 1100 cm to 1099 cm
-1

as well as the sugar Raman line at 928 cm-1, presumably due to

transesterification process.

Effects on sugar pucker, bases stacking and H-bonding stretch
vibration modes
In the previous sections it is emphazised that sugar pucker is

(15%) in ASBVd(+), indicating some difference in the ring vibration
coupling between purine bases and ribose. In addition, base-base
tion and stability of the RNA structure is characterized by a strong

Raman line at (νIm) = 1338 cm-1 and two smaller Raman lines at
1300 cm-1 and 1378 cm-1 (composite vibrations of adenine or gua-

nine ring systems (νpyr. + imidazole)). The calculated base stacking ratio

(rstack) following equation (9), is equal to 1.35 and 1.42 respectively

an important characteristic feature of the tertiary structure in the

for ASBVd(-) and ASBVd(+). Figure 7 (b) shows that the « N-type »

so-called « N-type » sugar conformation mode is shown in Figure

intense line at 1226 cm-1 this is interpreted as a loss of nucleotide

RNA conformation of ASBVd viroid. It defines the backbone geometry and the rotation of the bases with respect to the sugar. The

7 (a) to exhibit a strong Raman line located at 1250 cm-1 in AS-

sugar pucker is strongly destabilized by increasing the tempera-

ture. At 60°C, Raman line at 1228 cm-1 decreases and shifts to an
conformation, phosphodiester backbone geometry and base-stack-
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ing. Figure 7 (c) shows that deuteration of the mobile hydrogen of
RNA does not modify the sugar pucker conformation (no changes
in I1233), while the intensity of Raman line of the (U, C) stretching
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the (A, G) ring stretching mode (at 1460 cm and 1485 cm ) sligth-1

-1

ly increased in ASBVd(+) as compared to ASBVd(-), while the (A, G)

H-bonding located at 1570 cm-1 is frequency downshifted (∆ν = - 13

vibration at 1233 cm-1 disappears upon deuteration. The intense

cm-1) for ASBVd(+). The carbonyl C=O stretching line at 1686 cm-1

1485 cm-1 leading to a calculated ratio rstack to increases from 1.32

Raman intensity lines, in particular a moderate intensity increase

purine (A) Raman line at 1302 cm increases and the intensity
-1

of imidazole Raman line (νIm = 1338 cm ) decreases and shifts to
-1

to 1.66 (+34%). The imidazole ring vibration alone is slightly shifted to 1334 cm-1 (∆ν about -7 cm-1), consequence of bases stacking

has the same intensity for both viroids. In Figure 7 (f), it is shown

that increasing temperature to 60°C induces several increases of

in the C=O carbonyl region is observed, reflecting a rupture of hydrogen bonds between bases. In Figure 7 (g), the presence of D2O

destabilizing. Figure 7 (d), shows that sugar pucker marker, ring

cosolute decreases strongly the stretching vibration mode of (A, G)

of RNA due to its cleavage that converts 5’, 3’ phosphodiester into

cm-1 retreats and shows more resolved lines in 1653 cm-1 (unpaired

stretching modes of adenine or guanine and the imidazole ring vibration mode alone are very sensitive to conformational changes
2’, 3’ cyclic phosphate diester. In Figure 7 (e), It is shown that the

intensities of methylene twisting stretching vibration (νt(δ-CH2)) and

rings at 1485 cm-1 and slightly increases their H-bonding in 1570
cm-1. The broad band from C=O stretching of uracil base, at 1686

uracil residues) and 1683 cm-1 (paired uracil residues) due to H2O-

D2O exchanges. In Figure 7 (h), several interesting frequency

Figure 7: Panel (a) effects of polarity (-) and (+) of ASBVd on Raman specific markers of RNA’s sugar pucker, bases staking stretching

vibration modes of Avocado Sunblotch viroids. Panel (b) effects of high temperature. Panel (c) effects of deuterium solvent. Panel (d)
effects of self-cleavage activity. Blue curves are RNA spectra in normal conditions. Red curves are the perturbation Raman spectra.

Black curves are difference spectra of red curves minus blue curves. Panel (e) effects of polarity (-) and (+) of ASBVd on Raman specific
markers of RNA’s H-bonding and carbonyl stretching vibration modes of Avocado Sunblotch viroids. Panel (f) effects of high temperature.

Panel (g) effects of deuterium solvent. Panel (h) effects of self-cleavage activity. Blue curves are RNA spectra in normal conditions. Red
curves are the perturbation Raman spectra. Black curves are difference spectra red curves minus blue curves. (with the permission of
BMC Biophysics (BioMed Center) (37)).
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downshifts (around ∆ν = - 8 cm ) from the rings stretching (1485

in the presence of D2O buffer (kD2O = 0.009 min ). The observed rate

line at 1460 cm also downshifts in frequency, a consequence of

shown that deuteration perturbation is a useful tool to study the

-1

cm ) and the hydrogen bonding (1570 cm ) of (A, G) bases are
-1

-1

observed. In addition the methylene (νt(δ-CH2)) deformation Raman
-1

RNA self-cleavage leading to some local structural conformational
changes.

Impacts of cosolute, high temperature and high pressure on
self-cleavage activity of the RNA from ASBVd viroids
Effects of aqueous e and deuterium cosolute on ASBVd(-) and
ASBVd(+) self-cleavage activity at 45°C.
Magnesium (Mg2+) plays a role of activator in the self-cleavage

kinetics of RNA from ASBVd viroids. In aqueous solution at room
temperature, there is no (or very slow) activity of the viroids. In the

contrary at 45°C, the rates of self-cleavage kinetics are high enough
to allow the study of the activity of ASBVd(-) as compared to that
of ASBVd(+). Both studies are performed by gel electrophoresis at

45°C in aqueous buffer and in D2O buffer as described in Materials

and Methods. The cleaved fractions versus time at 45°C are shown

in Figure 8. in which the kinetic curves are analysed using single
exponential kinetic equation. Figure 8 (A) shows that the cleaved
rates for ASBVd(-) is faster in H2O buffer (kH2O = 0.032 min-1) than

-1

reduction is around a factor of 3.5. After 200 minute of reaction,

the cleaved fraction equal 65% in H2O and 32% in D2O buffer. It is

accessibility of mobile hydrogens and the implication of some of

them in the acid/base catalysis process involving proton transfer.
The replacement of hydrogen by deuterium atom should decrease
the rate of catalysis. However, many of the mobile hydrogen are
implicated in the conformation and the stability of RNA’s structure

through base-base H-bonding as revealed in the Raman spectroscopy study. Conformational changes near the actif site as well as the

difference in structural dynamics of ASBVd(-) in different solvent

environments are another factors that corroborate well with the
observed difference in the self-cleavage kinetic reduction. Figure
8 (B) gives the self-cleavage rate profiles for ASBVd(+) viroids in

H2O and D2O environments. It is found that in aqueous buffer, the
rate of self-cleavage for ASBVd(+) is 3.2 time less rapid than for ASBVd(-). Raman spectrocopy study demonstrates that both polarity
of viroids exhibit around the same secondary structure, while they

differ on the self-cleavage activity. It is demonstrated that in some
solvent conditions, secondary and tertiary structures can fold in a

cooperative or noncooperative multistate fashion leading to an ac-

tive dock structure or an heterogeneity folding structure. The two

Figure 8: Effects of solvent environments on self-cleavage activities of ASBVds. The kinetic curves of fraction cleaved RNA as detected

by gel electrophoresis at 45°C (see Materials and Methods), are shown in panel (A) for ASBVd(-) viroids in aqueous and D2O buffers
and in panel (B) for ASBVd(+) viroids in the same conditions of solvants. (with the permission of BMC Biophysics (BioMed Center)
(37)).

Citation: Gaston Hui Bon Hoa., et al. “Impacts of the Extreme Conditons of Environments on RNA’s structure and function from the Avocado Sunblotch
Viroid : Applicaton of NIR-Raman Spectroscopy and ad hoc Baro-Bio-Reactor”. Acta Scientific Microbiology 2.9 (2019): 167-184.

Impacts of the Extreme Conditons of Environments on RNA’s structure and function from the Avocado Sunblotch Viroid : Applicaton of NIRRaman Spectroscopy and ad hoc Baro-Bio-Reactor

overlapping mechanisms of folding can be shifted to a decrease stability of the tertiary structure and an enhancement of certain sec-

ondary structure leading to a less active RNA. Molecular crowder
effects could be used to probe such hypothesis. In D2O solvant, the

equations (5) and (6), to be

Ea (1bar) = 9.6 kcal.mol-1 (40 kJ.mol-1)

180

.............(9)

Increasing pressure affects the rates of the reaction which con-

activity of ASBVd(+) exhibits a huge decrease of its rate constants

siderably decrease but the bell-shape of the temperature profile

Effects of high temperature and high pressure on ASBVd(-)

be

by shifting the rate from 0.01 mn to 0.0015 min , a reduction fac-1

-1

tor of 66.7 emphasizing the unstability of ASBVd structure.
self-cleavage activity

Figure 9 presents the effects of high temprature and high pres-

is conserved without perturbing the inactivation temperatures

(Tinact. (pressure) = 55 °C). However a new activation energy is found to

Ea (1.5 kbar) = 2.6 kcal.mol-1 (10.9 kJ.mol-1)

(10)

Increasing pressure decreases considerably the energy barrier

sure on the self -cleavage activity profile of ASBVd(-). A bell-shape

of the self-cleavage reaction and at the same time the rates of ca-

erates the self-cleavage steady-state rates (V(i)) of ASBVd (-) viroid

active global conformer. The global stability of the RNA’s structure

temperature dependence of the activity is found in Figure 9 (a). An
increase of the temperature at room pressure, (blue curve) accel-

untill a Tinact. (1 bar) = 55°C where the rates decreases, presumably due

to temperature-induced unfolding of the RNA’s structure. Analysis

of the self-cleavage rates in the linear portion of the bell-shape profile, permits to obtain an energy barrier of the reaction following

talysis decrease. Such results indicate that pressure perturbs the

different active site structures of the ASBVds leading to a new less
is conserved as shown by an identical temperature-inactivation
value Tinact. = 55oC.

A detailed analysis of the pressure-dependent of the reac-

Figure 9: Effects of temperature and high pressure on the kinetic behavior of ASBVd(-) self-cleavage activity. Panel (a) shows the

temperature profile of the rates as a function of high pressure. Curve green is at 1 bar, curve black at 1.25 kbar, curve red at 1.5

kbar and curve blue at 2.5 kbar. The horizontal black line is referred to an activity giving 75% cleaved species. Panel (b) shows the

multiphasic behavior of the self-cleaved kinetic of ASBVd(-) at 35°C versus high pressure (red curve). (red curve). A quadratic curve
fitting of the acitivity curve of ASBVd(-) gives an activation volume of + 20.5 ml mol-1 and an activation isothermal compressibility

equal to 8 10-6 MPa-1.
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tion rates is shown in Figure 9 (b), where at 35°C and 1.5 kbar, a

sugar pucker structures and bases rotation geometries. It is shown

viroid is a non-linear decay curve. Following equation (4), we

type » RNA conformation with ordered double helical content and

complex pressure-induced multiphasic kinetic behavior is found.

Pressure-induced inactivation of the observed rate of ASBVd(-)
can extract an activation volume and an activation isothermal
compressibility of the self-cleavage process to be
∆V‡ = + 20.5 ml.mol-1

..............(11)

∆β‡ = + 8 10-6 MPa-1

These results indicate that the self-cleavage active site of AS-

BVd(-) is controlled by a complex global conformational flexible
folding. Pressure acts as a reversible unfolding effect in the global

structure around the HHD site leading to a less active conformers. The activation volume and the isothermal compressibility are

quite important. The positive value of ∆β indicate that the viroid is
‡

compressible presumably associated with compression of cavities
in the interior of ASBVd(-) or changes in intermolecular packing.

Interestingly, to overcome such structural complexity behaviour,

Kaddour H., et al. had undertaken a study of the pressure effect on
a ribosyme hammerhead from the chrysanthemum chlorotic mottle viroid wherein the structure is simpler [54]. Their results show

that a biphasic profile of the cleavage reaction is observed at 1 bar.
The analysis gives 2 well-fitted exponential components, such a
fast rate kfast. (4.9 10-2 min-1) and a slow rate kslow. (2.5 10-3 min-1).

An increase of pressure perturbs differently the profile of the two

rates, leading to 2 positive activation volumes equal to ∆V‡fast. = 2.6

ml.mol and ∆V
-1

‡

slow.

= 11.5 ml.mol . It is interpreted as, during the
-1

self-cleavage reaction the hammerhead ribozyme undergoes some
more simple conformational changes than in the case of ASBVd(-)

viroid. The « fast populations » represent molecules in the near-

active site’s conformation, whereas « slow populations » represent

molecules that need a larger change in conformation to induce activity.

Conclusion and Perspectives
In the present study, we have developed a combined use of NIR

Raman spectroscopy technique and a baro bio-reactor to probe

the structure and activity of RNA from Avocado Sunblotch viroids

(ASBVd) in response to changes in the extreme environmental con-

that Raman structural markers are very sensitive to RNA’s fold-

ing and self-cleavage transesterification process. The typical « A-

a C3’-endo/anti sugar pucker configuration is destabilized by high

temperature leading to loss of base-stacking and loss of « A-type »
secondary structure and the appearance of a new nucleotide con-

formation. D2O cosolute not only decreases RNA’s transesterification kinetics as a consequence of hydrogen-deuterium atom’s ex-

changes, but perturbs the internal loops and base-base interactions
leading to a new rearrangement of the helical structure. Interest-

ingly, self-cleavage of the RNA through transesterification process,
induces huge frequency downshifts of all the characteristic vibra-

tional modes with little perturbation of their intensities. These
vibrational energy decreases are indicative of a cleavage of RNA’

structure leading to phosphodiester and phosphodioxy structural
changes. The new designed bio-reactor allows to rapidly samplingout products of reaction at constant pressure, which is maintained
by a programmable remote-controlled motor. Gel electrophoresis

analysis of the cleaved RNA shows a bell-shape temperature profiles at several high pressure. The found inactivation temperatures

are independent of the pressure, however high pressure induces
new less active global conformers with identical stabilities. In addition pressure decreases the transesterification reaction rates in a
non-linear manner showing that the kinetics of the process is multiphasic and the RNA molecule is compressible. To overcome the

structural complexity of the RNA from Avocado Sunblotch viroids,
it is interesting to compare these results to the activity of a simpler

structural model such as a ribozyme hammerhead from Chrysanthemum clorotic viroid [54]. Pressure affects the self-cleavage ki-

netics of such ribozyme in a simple and resolved biphasic phases,
indicating the participation of a fast cleaving and a slow cleaving

conformers. Clearly the complex and flexible structure of the Avo-

cado Sunblotch viroid controls its HHA active center in a manner to
prevent the study of mechanical constraint on the active site alone.

The present work is the prologue to encourage future studies on
the interactions of ASBVds with therapeutic agents and membranes
and on the effects of crowder agents on the folding mechanism to

obtain conditions for a « dock structure » of the RNA from both Avocado Sunblotch viroids.

ditions. NIR Raman spectroscopy is an interesting technique for
the characterization of the vibrational modes of RNA molecule to
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