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1. Introduction

More or less specific aggregation effects have been
described for ribosomal RNA [1, 2], tRNA [3, 4],

viral RNA [5] and synthetic polyribonucleotides [6, 7].

Dimers have been detected both in tRNA [8, 9] and
in viral RNA preparations [10], although usually in
low amounts.

Bacteriophage MS2 RNA, which normally sedi-
ments as 27 S, unfolds to a 13.4 S conformation upon
reaction with formaldehyde. We have found, however,
that nearly complete conversion to a dimer can be ob-
tained by carrying out the formaldehyde reaction at
acidic pH and in the presence of low concentrations of
divalent cations [11] . This dimer sediments at approx.
37.5 S, which indicates that it has a compact confor-
mation, analogous to the unreacted 27 S form. Never-
theless, hyperchromicity measurements show that the
dimer has reacted to the same extent as the comple-
tely unfolded form and that nearly all base pairing has
been eliminated. Presumably, the compact dimer con-
formation is “fixed” by the formation of irreversible
methylene bridges between purine bases [12, 13].

In this paper we demonstrate that both the ribo-
somal RNA species from Escherichia coli form dimers,
and that the conditions for their formation are exact-
ly the same as for MS2 RNA. Most important, the
process is highly sequence specific and no hybrid in-
teraction between 16 S and 23 S RNA was observed.

2. Materials and methods

16 S and 23 S rRNA from E. coli MRE 600 were
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isolated by treatment of ribosomes with phenol in the
presence of sodium dodecylsulphate. The two compo-
nents were separated by centrifugation on a 5 to 20%
sucrose gradient in 0.1 M NaCl, 0.01 M sodium acetate
and 0.001 M EDTA, pH 5.0. 100 Ay¢q-units of rRNA
was layered on two buckets of the SW-27 rotor and
centrifuged for 15 hr at 27,000 rpm and 5°C. The
tubes (38.5 ml) were fractionated and the 16 S and
23 S peaks pooled separately. The RNA was precipi-
tated with ethanol and pelleted. This precipitate was
further washed twice ethanol and dissolved in

5X 104 M phosphate.

Bacteriophage MS2 RNA was prepared as described
previously [11]. The reaction of RNA with formal-
dehyde was carried out in two steps, as explained in
the legends to the figures. The reaction mixtures were
analyzed by centrifugation in the Analytical Ultracen-
trifuge Spinco model E at 20°C and 52, 640 rpm. Se-
dimentation coefficients were calculated from photo-
graphs taken with the U.V, optical system at constant
time intervals.

3. Results

Formaldehyde reactions were carried out in dif-
ferent conditions of pH and NaCl concentrations on a
mixture of 16 S and 23 S ribosomal RNA, and the re-
sults were compared with those previously obtained
with viral RNA [11].

Under appropriate conditions, reaction. with formal-
dehyde leads to unfolding of the RNA, and two com-
ponents sedimenting at 11.0 S and at 14.3 S were ob-
served. These values are in agreement with the results of
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Fig. 2. Sedimentation patterns of the fast sedimenting components obtained in the reaction of formaldehyde with a mixture of

16 S and 23 S 1RNAs (A), with purified 23 S tRNA (B), and with purified 16 S rRNA (C)o. Reactions with formaldehyde at pH

3.8 were carried out in two steps as described in the legend to fig. 1. Sedimentation at 20 C and 52.640 rpm. Desitometer tracings
(displaced vertically) correspond to 8 min interval exposure. Sedimentation is from left to right.
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Table 1
Sedimentation coefficient of the fast components, obtained
in the reaction with formaldehyde.

rRNA species S20,w after reaction*
16S+238 38.28 2498

238 3798 (22.6 S)**

16 8 24.18

* Calculated from the patterns shown in fig. 2.
** Presumably derived from 23 S half molecules.
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Fig. 1. Sedimentation coefficients of viral MS2 RNA (o) and
of a mixture of 16 S (2) and 23 S (4) rRNAs as a function of
the pH of the reaction mixture. o

Step I: 36 ug RNA was heated for 20 min at 60 C in 7.7%
formaldehyde at the pH shown (total volume 0.6 ml). The
reaction was stopped by rapid cooling.

Step I1: 0.4 ml of 0.2 M phosphate buffer (equimolar mixture)
and 2.5 X 104 M EDTA was added, resulting in a final con-
centration of 0.08 M phosphate buffer, 104 M EDTA and

1.5 M formaldehyde, pH 6.8.

Boedtker [14], who reported 10.9 S and 13.9 S for
unfolded ribosomal RNA. At low salt concentration
and when the pH of the reaction mixture was lowered
from 5.0 to 3.6 , two components sedimenting at 25 S
and 38 S, instead of the unfolded forms, were found.
The results are presented in fig. 1. The transition of un-
folded molecules to fast sedimenting components oc-
curred at pH 4.2, for the ribosomal RNAs and for the
viral RNA.

A similar transition is observed when at pH 3.8 the
NaCl concentration is reduced. Again, transition of
the IRNA mixture was in the same range as the one
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obtained with viral RNA, i.e. around 6 X 10-3 M NaCl
(in the presence of 104 M MgCl). From these experi-
ments we conclude that tRNA as well as viral MS2
RNA form dimers under the same conditions.

In the following experiment, we showed that the
38 S form was indeed derived solely from the 23 S
monomer species, and vice versa the 25 S from the
16 S monomer. The two ribosomal RNAs were sepa-
rated, and each preparation was reacted with formal-
dehyde in the presence of 104 M MgCl, at pH 3.8.
The results (fig. 2 and table 1), show that each fast
sedimenting component is indeed derived from one
monomer species. The trailing, heterogeneous bound-
ary present after reaction of purified 23 S rRNA with
formaldehyde in dimer forming conditions is a conse-
quence of “non-random” degradation of the 23 S in
two half molecules, which in the absence of formal-
dehyde sediment at 16 S {15].

4. Discussion

Several empirical relationships of the form
S20,w = Ks M.W.2 have been proposed in order to esti-
mate the molecular weight of RNAs on the basis of a
comparison with reference RNA species. These func-
tions are only valid for RNA molecules belonging to
the same homologous series, Weak interactions in RNA
molecules can be largely eliminated by reaction with
formaldehyde. This results in unfolding of the RNA
molecules, which sediment as a homologous series
with exponent « = 0.40 [14, 16] . Unreacted E. coli
ribosomal RNAs and bacteriophage MS2 RNA belong
to another series with a = 0.5 [16] . The formaldehyde
induced 38 S form of MS2 RNA, however, which is a
dimer as shown by its sedimentation and intrinsic
viscosity [11], also belongs to the same series. The
sedimentation rates of the fast sedimenting ribosomal
RNA derivatives, described here, fit the same equation,
and on this basis we conclude that these are indeed
homologous dimers.

Dimer formation is observed only when the poly-
nucleotides have reached a critical degree of protona-
tion (fig. 1). Furthermore a definite concentration of
divalent cations are required [11]. The latter are dis-
placed by excess monovalent cations, which results in
unfolded monomers. Hyperchromicity studies indicate
that also most of the base-pairs of the dimer species
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have been opened as a result of adduct formation

with formaldehyde. This is remarkable, considering
that the sedimentation rate indicates a compact mole-
cule. But this sedimentation rate is accounted for by

a constrained conformation, even if the short, double
stranded loops of the RNA have been disrupted. The
dimer formation may perhaps be due to interaction be-
tween homologous, parallel-oriented stretches with
high C or A content. Subsequently, this dimer is “fixed”
by irreversible formation of formaldehyde-induced
cross-links. The latter are presumably methylene brid-
ges between purine bases [12, 13].

The results presented here indicate that the same
dimer formation takes place under identical conditions
for both ribosomal RNAs as for bacteriophage MS2
RNA. This means that specific recognition is not due to
a very special feature, unique for the latter RNA. Even
more important is the fact that in none of the reac-
tions carried out on mixtures of both ribosomal RNAs
was a complex between the 23 S and the 16 S species
observed. Obviously, the recognition involved in dimer
formation is highly sequence-specific. The non-com-
petitive nature of dimer formation is somewhat ana-
logous to the hybrid formation between the ribosomal
RNAs and the corresponding DNA-cistrons, which was
also highly specific for both of the two ribosomal
RNAs [17].
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