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Abstract

We investigated the thermal degradation of E. coli ribosomes by differential scanning microcalorimetry. The 70S
particles show two distinctive and irreversible peaks upon thermal degradation. Free rRNA in solution produces, on
the contrary, an unstructured denaturation profile. The thermal analysis of 50S particles shows a profile substantially
identical to that observed in 70S, while 30S particles produce an unstructured denaturation pattern. Therefore the
thermal behavior of the 70S particle is essentially attributable to the denaturation of the 50S subunit. Our data
validate previous observations that the 50S has a more rigid structure as compared to 30S, which behaves as a ‘floppy’
particle. In addition our data suggest that proteinrRNA interactions play a significant role to stabilize three-dimen-
sional structures of the ribosome. Q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The ribosomal particle is essential in the
process of protein biosynthesis both in prokary-
otic and eukaryotic cells. The ribosomes of the
bacterium E. coli, in particular, have been inten-
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w xsively studied during the last 30 years 1]3 . A
large knowledge exists on the genetics, molecular
biology and biophysics of these bacterial or-
ganelles.

During these last years we studied the
chemico-physical properties of the prokaryotic ri-
bosomal particles of E. coli based on a variety of
biophysical strategies such as dielectric spectros-
copy and fluorescence measurements. We have
shown by fluorescence studies, for instance, that a
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conformational rearrangement of the ribosomal
nucleic acid occurs at low Mg2q. This is sugges-
tive of a larger exposure to aqueous solvent of the
RNA moiety, with respect to the protein moiety
w x4,5 . We have further deepened our investiga-
tions on the separated ribosomal subunits and
shown that they have a different conformational.
structure, i.e. the 30S is floppy while the 50S is

w xmore rigid 5 . These investigations were extended
adopting a differential scanning microcalorimetric
Ž .DSC approach which allows direct measurement
of the energy change upon disruption of the ribo-
some structure with increasing temperature.
There has been a growing interest in calorimetry
of biological systems during the recent years due,
in part, to considerable improvements in instru-

w xmentation 6 . Microcalorimetry has been adopted
to study the thermal behavior of whole prokary-

w xotic cells and its organelles 7 as well as eukary-
w xotic 5S ribosomal RNA from wheat germ 8 . DSC

provides in fact information on enthalpy, on tem-
perature and heat capacity changes that accom-
pany conformational transitions of biomolecules
in solution. These studies have been recently re-

Ž w x.viewed see for instance Draper 9 .
In this paper we present a microcalorimetric

study of E. coli ribosomes and separated subu-
nits. We obtained evidence that the two subunits
have a significantly different behavior with re-
spect to thermal degradation as reconstructed
from the melting profiles. Also, results presented
here are in agreement with previous data that the
50S subunit is more stable and rigid than the 30S.
Our data moreover corroborate the idea that
three-dimensional structures of rRNA are
stabilized by the interaction with ribosomal pro-
teins.

2. Materials and methods

Ž .Standard ribosome E. coli, strain MRE600
w xpreparations 10 , as modified in Gualerzi et al.

w x11 , were washed twice with 1 M NH Cl. Subu-4
w xnits were prepared by zonal centrifugation 11 .

Ribosomal samples were exhaustively dialyzed vs.
Ž .buffer 0.8 mM MgCl ; 1 mM Tris]HCl pH 7.42

prior to calorimetric experiments. Final concen-
tration was 5 mgrml and the same buffer was

used in each microcalorimetric measurement. The
integrity of ribosomal particles and subunits in
the measuring buffer was monitored by sucrose
density gradients.

Ribosomal RNA and proteins were prepared
by the acetic acid procedure. RNA was resus-
pended in H O to a final concentration of 3.32
mgrml. Proteins were lyophilized and, after ex-
haustive dialysis against decreasing concentra-

Ž .tions of acetic acid 50%, 10%, 0.5% , resus-
pended in 0.5% acetic acid to a final concentra-
tion of 1.7 mgrml. The chosen rRNA and protein
concentrations represent the respective amounts
within the whole ribosomal particle.

Scanning calorimetry experiments were per-
formed in a differential scanning microcalorime-

Ž .ter 11 Setaram Lyon, France . The scan rate was
0.58Crmin, starting from 25 to 1008C. The mass
of the measured sample was 850 mg. The weights
of reference and sample cell were matched. An
excess power vs. temperature scan for the ribo-
some transitions was obtained by subtracting the
scan of the buffer vs. buffer from the power input
scan of the ribosome solution, to minimize syste-
matic differences between the measuring cells.
This quantity which referred to 1 mg of particles
in the sample gives the excess heat capacity, C .pexc

3. Results

3.1. Thermal beha¨ior of 70S ribosomal particles

A typical thermal scan of E. coli 70S ribosomes
is shown in Fig. 1A. It was previously reported
that ribosomes aggregate at relatively high tem-

w xperature 12 . However, at the low concentration
of Mg2q present in our buffer and within the
range of our experimental temperature, aggrega-
tion of the ribosomal particles is essentially pre-

w xvented 13 . The thermogram obtained from 70S,
shows that these particles melt in two thermal
transitions occurring at 67.8 and 73.78C. Evidence
of a small positive increase of heat capacity of the
solutions upon denaturation is also present. Re-
versibility of the observed transitions was tested.
To this aim DSC measurements of control sam-
ples were recorded up to a defined temperature
and the sample was cooled to the initial tempera-
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Ž .Fig. 1. A C excess thermal profile of 70S ribosomal parti-p
Ž .cles 1 mM Tris]HCl, 0.8 mM MgCl ; pHs7.4 . The curve2

was calculated by the subtraction of a baseline from the
Ž . Ž .recorder tracing as described in Section 2. B }}} : Cp

excess thermal profile of 70S ribosomal particles pre-heated
Ž .up to 708C. - - - : Pre-heating profile.

ture within the microcalorimetric cell at the same
rate of 0.58Crmin. Subsequently a new scanning
was performed on each sample along the com-
plete temperature scale. The two previously
observed transitions were found to be irre-
versible, unlike previous studies showing total re-
versibility of hyperchromicity following thermal

w xdegradation 13 . With respect to this our data are
w xin agreement with previous literature data 14

obtained by different approaches. Furthermore, if
a second complete scanning is performed after
the first partial one, which was stopped at a

temperature between the two transitions, the high
Ž .temperature transition persists Fig. 1B . This

suggests that the two transitions are separated
events. It should be pointed out that sucrose
density gradient analysis of ribosomal particles
suspended in the measuring buffer, shows that at
this Mg2q concentration, the bulk of ribosomes

Ž .sediments as intact 70S monomers not shown .
To address whether the two peaks should be

attributed to the different subunits, we investi-
gated the calorimetric behavior of 30S and 50S
separately.

3.2. Differential calorimetric scanning of E. coli
subunits

Fig. 2A shows the thermogram obtained from
50S subunits. An overall resemblance is evident
with the pattern obtained from entire ribosomes,
even though some differences exist. First, an ex-
othermic peak is observed at approx. 908C when
the transition is complete; this indicates an aggre-
gation process not found in the 70S particle.
Second, the two DSC show a larger overlapping
and the transitions occur at slightly different tem-

Ž .peratures T s68.68C; T s73.48C . The third1 2
difference consists of a greater height of the
overall profile suggesting a higher transition en-

Žthalpy with respect to 70S see Fig. 5 for further
.details . Reversibility tests, analogous to the those

previously reported, give substantially consistent
Ž .results with the ones observed for 70S Fig. 2B .

The thermogram obtained from 30S subunits,
on the other hand, shows different features with
respect to 70S and 50S particles. The most evi-
dent difference is an exothermic peak in the

Ž .middle of the transition Fig. 3A . This indicates
some aggregation in the sample during the ther-
mal denaturation process which makes the analy-
sis of the thermogram impossible. To eliminate
the aggregation we lowered the Mg2q concentra-
tion in the measuring buffer to 0.08 mM. As
discussed below, at this Mg2q concentration the

w xribosomal are structurally unvaried 12 . Under
these conditions the exothermic peak is still pre-
sent but is shifted to a higher temperature proxi-

Žmal to the end of the thermal denaturation Fig.
.3B . This still indicates a form of aggregation but
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Ž .Fig. 2. A C excess thermal profile of 50S ribosomal subu-p
Ž . Ž . Ž .nits 1 mM Tris]HCl, 0.8 mM MgCl ; pHs7.4 . B }}} :2

C excess thermal profile of 50S subunits pre-heated up top
Ž .718C. - - - : Pre-heating profile.

in this case the analysis of the experimental pro-
file becomes possible. The thermogram thus ob-
tained appears as a large unstructured curve which
strongly resembles the one obtained for riboso-
mal RNA as shown in Fig. 4.

4. Discussion

In this work we investigated the microcalori-
metric behavior of E. coli 70S ribosomes and
separated subunits. Our results are an improve-

w xment and an extension of a previous study 7 .
The first problem to be solved, was the selection

Ž .Fig. 3. C excess thermal profile of 30S subunits. A : 1 mMp
Ž .Tris]HCl; 0.8 mM MgCl ; pHs7.4. B : 1 mM Tris]HCl;2

0.08 mM MgCl ; pHs7.6.2

of a measuring buffer. It is known that a Mg2q

concentration )10y3 M causes aggregation of
ribosomes at high temperatures, thus preventing
the analysis of the experimental profiles. On the
other hand, an excessively low Mg2q concentra-
tion causes structural alteration such as denatura-
tion and irreversible unfolding. The loss of
structure is reflected also in changes of the sedi-
mentation behavior of the ribosomal particles.
However, sucrose density gradient analysis of ri-
bosomal subunits demonstrated that the sedimen-
tation coefficient remains unvaried if the Mg2q is
maintained in the range 10y3 and to 8=10y5 M
w x12 which indicates that the ribosome structure
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ŽFig. 4. C excess thermal profile of ribosomal RNA 1 mMp
.Tris]HCl; 0.8 mM MgCl , pHs7.4 .2

does not undergo significant alterations. We
checked by sucrose density gradients the sedi-
mentation properties of particles in the measur-
ing buffer. These co-sedimented with particles

Žresuspended in a standard buffer 10 mM MgCl ;2
10 mM Tris]HCl pH 7.4; 60 mM NH Cl; 40 mM4

.KCl, at 48C .
A typical thermal denaturation profile obtained

Žfrom 70S particles shows two different peaks Fig.
.1A . The pattern is highly structured showing two

well defined transitions occurring at different
temperatures. The two phenomena could in prin-
ciple be attributed either to the protein or to the
nucleic acid moiety of the ribosome. The RNA
constitutes approximately two-thirds of the whole
ribosome mass. In addition the denaturation en-
thalpy of a nucleic acid is generally two to three-
fold higher than the one exhibited by proteins.
This would suggest that the nucleic acid compo-
nent of the ribosome is mainly responsible for the
observed transitions. Furthermore, at the ribo-
some concentration used in our measurements,
the protein moiety does not give any measurable
denaturation pattern. However, an evident role of
the proteins appears from the comparison of the
shapes of the thermograms obtained from rRNA
and entire particles. The thermal denaturation of
rRNA does not show structures, while the denat-
uration profile of the whole ribosome shows a
complex behavior indicating the existence of in-

Žtermediate states in the process of melting com-
.pare for instance Fig. 1A and Fig. 4 . Therefore

our data should be interpreted as a consequence
of the thermal demolition of the RNArprotein
complex.

We also carried out reversibility tests on our
samples. In a first experiment we scanned the
whole temperature scale, whereafter the sample
was slowly cooled and the scanning repeated. No
transition was detected which demonstrates the
irreversibility of the entire process. In a second
set of measurements scanning was arrested at an
intermediate temperature between the two transi-
tions. Again the sample was cooled and a new
scanning repeated. Fig. 1B shows that while the
low temperature transition is no longer observ-
able, the second one persists. This result is sug-
gestive of two distinctive transitions attributable
to thermally separated and independent events.

The first hypothesis we made is that these two
denaturation events are due to the two interact-
ing subunits. Therefore we performed calorimet-
ric experiments on separated 50S and 30S. Re-
sults in Fig. 2A,B and Fig. 3A,B show that the
subunits exhibit a strikingly different thermal de-
naturation pattern; while the 50S shows two peaks
virtually identical to the ones found in the whole
70S, the 30S subunit presents a non-structured
thermogram strongly resembling the free RNA in
solution. An immediate conclusion is that the two
peaks found in the 70S are not attributable to the
individual subunits but establish that a complex
unfolding process with intermediate states occurs.
These data suggest that within the ribosome the
proteinrRNA interactions may play a more sig-
nificant role than RNArRNA or proteinrprotein
interactions in the stabilization of the three-
dimensional structures. Also, the resemblance
between the 70S pattern and the one shown by
the separated 50S, suggests that within both parti-
cles the spatial arrangement is essentially the
same. Therefore the thermal pattern exhibited by
the 30S subunits and their tendency to aggregate
at high temperature, indicate an intrinsic instabil-
ity of the particle. These data are consistent with
former speculations, based on dielectric and
fluorescence studies, implying that the 50S parti-
cle is more rigid while the 30S shows ‘floppier’,

w xcharacteristics 4,5 .
We note that in all thermograms the premelt-
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ing baseline has a slightly positive slope while,
after melting, the slope becomes virtually zero.
The positive slope at low temperature is usually
observed in thermograms obtained from melting

w xof RNA 15 . We suggest that this effect is pre-
sumably due to partial unstacking of bases prior
to the cooperative thermal transition. Further-
more, a significant difference in heat capacity
exists between native and denatured state, as
shown by the difference in baseline level. This
difference is present, though to a different extent,
in all examined samples. There is no satisfactory
way to consider separately all these small differ-

w xences 15 . Therefore we could only calculate the
total excess heat adsorbed by the sample solution

Ž .from the initial scanning temperature T s258C0
to any determined temperature point T according
to the following equation:

T
Ž .D H s C T ?dTHexc pT exc0

This quantity contains the enthalpy change as-
sociated with the transition from native to dena-
tured states and, in addition, the background heat
adsorption. This latter is the result of heat ad-
sorption by native and denatured molecules pre-
sent in the region between T and T.0

In Fig. 5 the total excess heat, normalized to
the mole of nucleotide in the sample, is reported
as a function of temperature for 70S, 50S and free
RNA in solution.

It is evident from Fig. 5 that for the denatura-

Ž . Ž . Ž .Fig. 5. Total excess heat, D H T , vs. T. ` , RNA; I , 70exc
Ž .S; e , 50S.

Ž .tion of 50S particles 908C a higher amount of
thermal energy per nucleotide mole is needed
than for 70S. A simple explanation is that the
heat adsorbed by 70S is a weighed average of the
two energies required for the denaturation of the
separated subunits. The determination of the ex-
cess heat adsorbed by 30S is made difficult by the
aggregation tendency exhibited by these particles,
however, our data seem to indicate that the ex-
cess heat in 30S is lower than in 70S particles.

The melting profile of the rRNA lies under the
one exhibited by the 70S. The overall transition
enthalpy for RNA yields approx. 17 KJrmol which

Žis comparable with literature data see for in-
w x.stance Laing and Draper 16 . It is worth noting

that at T higher than 808C, where the melting
process is practically concluded, D H does notexc
have a constant value but increases linearly with
temperature. This effect is more evident in whole
70S than in isolated rRNA and is due to the
increase in heat capacity of the solution following
the denaturation with a value C )0 for T)pexc

Ž808C. The extrapolation of the values of D H inexc
.the range 80]1008C to the melting temperature

allows an approximate evaluation of the contribu-
tion of this effect that accounts for the difference
between 70S and free rRNA.

In our opinion, the most significant results of
this work are based on the qualitative analysis of
the thermal profiles that indicate an important
role of the interactions proteinrRNA in the evo-
lution of the process of thermal unfolding of the
ribosomal particles. However, a quantitative com-
parison may not be fully satisfactory.

In conclusion our results are consistent with
the idea that the rRNA is the molecular frame on
which the ribosomal proteins are organized. Ri-
bosomal RNA structures are observed by thermal
degradation only when the nucleic acid moiety is
complexed with ribosomal proteins; therefore one
of the functions of the proteins might consist in
the stabilizations of these structures. As a matter
of fact, free RNA in solution is very flexible as is
also shown by our previous dielectric relaxation

w xstudies 17 .
It has been shown that in extremophilic bacte-

ria the ribosomal RNA behaves as a bona fide
ribozyme since isolated 23S rRNA is capable of
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w xsynthesizing the peptide bond 18 . We speculate
that in a mesophilic bacterium like E. coli, where
this activity has not been clearly demonstrated,
these nucleic acidrprotein interactions might
constitute an essential prerequisite for complete
stability and functional activity of the large ribo-
somal subunit.
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