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Abstract

Previous studies from our laboratory demonstrated the existence of at least two levels of structural complexity in
E. coli 70S ribosomes. Ribosomal RNA seems to be principally involved in the overall stability of these structures. In
this paper we present an investigation of ribosomes subjected to treatment with RNase. The study is based on both
differential scanning microcalorimetry and dielectric spectroscopy. In the thermograms obtained on treated ribo-
somes only the low temperature peak of the two typical denaturation events observed in native ribosomes, is
promptly eliminated by the enzyme treatment. Dielectric spectroscopy measurements carried out on the same
samples indicate an alteration of the dielectric behavior previously shown to consist of two subsequent relaxation
processes. In fact, only the low frequency relaxation is affected by the treatment. The second one, observed at higher
frequency, remains unaltered. The same effect on the dielectric parameters is observed if the ribosome particles are
heated and then cooled prior to measurement. These results are consistent with the idea that two different structures
are present within the ribosome. One is very stable and withstands both temperature and RNase treatment while the
second is promptly abolished by both treatments. Data presented here strongly suggest that the RNA domains
exposed to the solvent play a fundamental role in the stability of the 3-D structure of the ribosome particle. Q 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

Ribosomes play a key role in the process of
w xprotein biosynthesis 1]3 . An essential contribu-

tion to their biological function is given by the
interaction between protein and RNA moieties.
In previous works we evidenced by dielectric
spectroscopy, fluorescence and microcalorimetric
studies conducted on E. coli ribosomes, that dif-
ferent structural features exist in the individual

w xribosomal subunits 4]6 . Abundant literature
data establish that various parameters such as ion
strength, pH and temperature, play an important
role in the stability and functional activity of the

w xribosome 1]3 . We recently investigated the
melting process of this particle by differential

Ž .scanning microcalorimetry DSC . Our data show
that various degrees of molecular complexity exist
as revealed by the thermal denaturation profile
obtained from 70S particles. The melting pattern
is highly structured showing two well-defined
transitions occurring at different temperatures.
On the contrary unstructured denaturation pro-

w xfiles were observed on naked rRNA 6 .
The very significant role of ribosomal RNA in

the functional activity of the ribosome, renders
this macromolecule a very interesting subject of
investigation. However, while the secondary struc-
tures of several large RNA species have been
deduced in detail, the tertiary structure remains
poorly understood. Melting experiments on rRNA
fragments indicate that increasing temperature
disrupts the tertiary interactions before the sec-

w xondary ones 7 . In the light of these results it can
be hypothesized that the rRNA 3-D structure is
cooperatively stabilized by the interaction with
ribosomal proteins. The lower temperature tran-
sition observed in the thermal unfolding of 70S
particles, should be attributed to disruption of
tertiary structures. To elucidate this point, ribo-
somes were subjected to mild RNase digestion or
subdenaturing temperature. In fact, it could be
expected that moderate treatment with RNase
alters the overall 3-D structure of the particle
and, as a consequence, the low temperature de-
naturation peak would be affected. In addition to
microcalorimetry, dielectric measurements on the
same particles were also carried out. These mea-

surements, as a matter of fact, complement the
microcalorimetry data since the dielectric behav-
ior of the ribosome essentially depends on the
RNA sequences exposed to the solvent and on

w xthe ribosomal inner ‘kernel’ 4,8,9 . Results pre-
sented here strongly suggest the existence of a
labile structure that is promptly altered in an
irreversible manner both by RNase treatment and
subdenaturing temperatures.

2. Materials and methods

2.1. Ribosome preparation

Ribosomes were prepared and RNase treat-
w xment was perfomed as previously reported 10 .

ŽBriefly, 70S ribosomes in buffer A 10 mM MgCl ,2
60 mM NH Cl, 10 mM trisHCl pH 7.6, 6 mM4

.b-mercaptoethanol were treated with increasing
Ž 3amounts of RNase 1.2=10 A units of ribo-260

somes, 1, 5 and 15=10y3 units of RNase T from1
.Sigma . The treatment was carried out in a volume

of 4 ml for 10 min at 378C. The reaction was
stopped by addition of the appropriate amount of

Ž .Rnasin Sigma . Treated particles were recovered
by centrifugation through a 10% sucrose cushion,
resuspended in buffer A and dialyzed against the
same buffer. Frozen aliquots were kept at y808C.
Prior to each measurement, all samples were

Ždialyzed against measuring buffer B 0.8 mM
.MgCl , 1 mM trisHCl pH 7.5 . This buffer was2

w xpreviously adopted both in dielectric 8 and
w xcalorimetric measurements 6 . This relatively low

ion strength allows accurate permittivity measure-
ments and prevents ribosomal aggregation.

2.2. Permittï ity measurements

Ž . Ž .Permittivity «9 and dielectric loss «99 were
measured by means of a computer controlled
Hewlett Packard impedance analyzer Mod. 4194A
in the 0.1]100 MHz range. The measuring cell,

w xpreviously described 11 , is a section of a cylindri-
cal waveguide which can be partially filled with
the sample solution. The system behaves as a
waveguide excited far beyond its cut-off fre-
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quency mode and therefore only the stray-field of
the coaxial line]waveguide transition is used in
the measurement. Cell constants were de-
termined by an interpolation method based on
measurements with electrolyte solutions of known
conductivities similar to those of the samples

w xunder test 12 . The errors on «9 and «99 are
within 1%. The measuring cell was thermally con-
trolled within 0.18C. The concentration of ribo-
somes was 7 mgrml in measuring buffer B.

2.3. DSC measurements

Differential scanning calorimetry experiments
were performed in a microcalorimeter 11 Setaram
Ž .Lyon, France . The scan rate was 0.58Crmin,
starting from 25 to 1008C. The total mass of the
measured sample was 850 mg. The ribosome con-
centration was 5 mgrml in measuring buffer B.
The weights of reference and sample cell were
matched. An excess power vs. temperature scan
for the ribosome transitions was obtained sub-
tracting scan of the buffer vs. buffer from the
power input scan of the ribosome solution, to
minimize systematic differences between the
measuring cells. This quantity referred to 1 mg of
particles in the sample gives the excess heat ca-
pacity C .pexc

3. Results

Ribosome particles treated with different doses
Ž .of RNase T b, c and d; see Section 2. were1

subjected to differential scanning microcalorime-
try and dielectric spectroscopy measurements. Fig.
1 shows four different thermograms obtained on
these particles. Untreated control ribosomes ex-

Žw xhibit the pattern observed previously 6 and
.related references therein . However, it is evident

that the low temperature peak is reduced already
at low concentration of RNase to disappear com-
pletely at the highest dose. On the contrary the
high temperature peak is apparently unaffected
by the nucleolytic attack.

Dielectric measurements data are shown in
Figs. 2 and 3. Two typical dispersion curves ob-
tained on native 70S particles and on ribosomes
subjected to the highest dose of RNase are

Fig. 1. C excess thermal profile of native and RNase treatedp
70S ribosomal particles. The curve was calculated by the
subtraction of a baseline from the recorder tracing as de-
scribed in Materials and methods. From bottom to top the
effect of 0 to maximum RNase dose is reported. Measuring
buffer: 0.8 mM MgCl , 1 mM trisHCl pH 7.5.2

observed. The dielectric behavior of control and
treated particles is substantially similar. However,
an experimentally significant difference in dielec-
tric response is present in the low frequency
region. The best fit was elaborated in both cases
considering two subsequent relaxation processes
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that are the sum of a Debye followed by a
Cole]Cole relaxation characterized by the fre-
quencies f U , f U and dielectric increments D« ,1 2 1

D« . An exhaustive review of the dielectric2
properties of biological materials is found for

w xexample in 13 . A critical analysis of the experi-
mental data allowed the choice of these best fit
procedures. In Table 1 we summarize the
parameters of the dielectric dispersions referred
to the native and to the high dose samples. It is
evident that the nucleolytic treatment has effect
mainly on the first relaxation occurring at low
frequency, while the second one is essentially
unaffected. This effect was observed at each con-
centration of RNase treatment, however a direct
correlation dosereffect was not evident. Table 1
also reports the best fit of the dielectric measure-
ments performed on samples heated to 708C,
which is the intermediate temperature between
the two denaturation peaks, and then cooled to
the measuring temperature. The effect of temper-
ature on the dielectric data is analogous to the
one observed in the particles treated with RNase.
To ascertain the maintenance of the entire 70S
structure even after RNase treatment at high
dose, we checked the sedimentation profile of
untreated control and RNase treated particles.
These results as well as the protein analysis by
2-D polyacrylamide gel electrophoresis showed
that the 70S ribosome structure remains substan-
tially unaltered even after high nuclease treat-

Ž .ment data not shown .

Ž .Fig. 2. Permittivity «9 vs. frequency of native 70S ` and
Ž .particles treated with the highest dose of RNase B . The

continuous lines are the result of a best fit based on a sum of
Debye and Cole]Cole relaxations. Measuring buffer: 0.8 mM
MgCl , 1 mM trisHCl pH 7.52

Y Ž .Fig. 3. Dielectric loss « vs. frequency of native 70S ` and
Ž .particles treated with the highest dose of RNase B . The

continuous lines are the result of a best fit based on a sum of
Debye and Cole]Cole relaxations. Measuring buffer: 0.8 mM
MgCl , 1 mM trisHCl pH 7.52

4. Discussion

Ribosomes subjected to thermal degradation
w xproduce two different melting peaks 6 . The first

one is lost if the temperature is raised and stopped
at an intermediate value between the two pheno-
mena. In fact, a cycle of cooling and heating of
the sample produces only the second denatura-
tion peak observable at higher temperature. This
strongly suggests the existence of two distinctive
structures that are thermally degraded indepen-
dently and with different energies. It is plausible
that these denaturation peaks are the results of
different spatial arrangements of the RNA com-
plexed to the proteins. As a matter of fact, on
free rRNA in solution we observed the typical
behavior of nucleic acids that show an ample and

w xreversible denaturation profile 6 . These data
clearly indicate that proteins are able to influence
the secondary andror tertiary structure of the
rRNA and that the nucleic acidrprotein interac-
tions become the key to describe the ribosomal

Table 1
Relaxation frequencies and dielectric increments of the two
dispersions exhibited by native and high dose RNase sample

y3Ž .15=10 mgrml . The table also reports the dielectric
parameters referred to ribosomes subjected to subdenaturing
temperature

U UŽ . Ž .Sample f kHz D« f MHz D«1 1 2 2

Native 70S 260"20 19"1 2.8"0.6 10"1
Ž .RNase high dose 490"60 13"3 3.1"0.9 9"2

Heated 70S 420"40 15"2 2.9"0.9 11"3
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particle. Studies done by dielectric spectroscopy
on native 70S demonstrated the presence of two
different relaxations. The first one occurs in the
range of approximately 200 to 300 kHz and is
attributable to the RNA exposed to the solvent.
The second is observed in the MHz region and
was ascribed essentially to a more stable ‘core’

w xconstituted by RNA and proteins 4,5 . With re-
spect to this we made the hypothesis that the two
different relaxation processes could be associated
with the denaturation peaks shown by calorimet-
ric measurements. The lowest temperature transi-
tion primarily involves disruption of tertiary inter-
actions while the second denaturation peak could
essentially represent the melting of the secondary
ones. In other words we suggest, on the basis of
thermal unfolding studies conducted on ri-

w xbozymes 7 , that the tertiary organization of the
molecule yields to heat denaturation before the
secondary one.

An effective manner to investigate the nature
Ž .of the structure s involved in these thermal

degradation phenomena, is to subject ribosomes
to moderate treatment with RNase. This enzyme
hydrolyzes the 59,39-phosphodiester bond present
in the RNA backbone, and therefore it could be
expected that the nucleolytic treatment would
perturb the overall 3-D configuration of the ribo-
some particle. The complete disappearance of the
first melting peak, and the persistence of the high
temperature peak, is consistent with the hypothe-
sis previously made. Moreover, dielectric results
show that the action of the nuclease as well as
subdenaturing temperature is exerted on the low
frequency dispersion. This one is attributable to
the oscillating counterions at the RNArsolvent
interface. The effect on the first dispersion results
in a shift of the relaxation frequency towards
higher frequencies and a reduction of dielectric
increment. This implies, according to the ‘coun-

w xterion Mandel model’ 14 , a decrease of RNA
exposed to the solvent. The application of this
model to calculate the average length of the
portions of the exposed RNA in the native 70S,
gives a value of approximately 86 nm. As already
discussed this is very similar to the maximum
circumference of the ribosome grossly assumed as

w xquasi spherical 9 . This parameter, also known as

w xthe persistence length 15 , if measured on free
rRNA or DNA in solution, results considerably

w xlower 8,14,16 . Therefore the interaction of the
rRNA with r-proteins determines a more elon-
gated configuration of the nucleic acid, that in
solution would assume a more compact coil struc-
ture. In the RNase treated particles, by the same
calculation, we obtained a value of approximately
65 nm for the exposed RNA which is approxi-
mately 30% lower than the previous length. This
result strongly suggests the disruption of a 3-D
configuration as also evidenced by the differential
microcalorimetry experiments. Finally, the persis-
tence of the second dispersion as well as the high
melting event supports the idea of the presence
of a very stable secondary structure in a more
internal domain of the organelle.

It is difficult to draw conclusions about the
possible functional significance of these struc-
tures. However, treatment of ribosomes with

w x w xkethoxal 17 or mild digestion with RNase T 101
both interacting specifically with guanines,
severely inhibit subunit association and protein
synthesis, quantisized by polyphenylanlanine for-
mation. In any case the data presented here dis-
criminate between different structural configura-
tions whose functional significance are yet to be
fully evaluated.
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