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ABSTRACT

The 5S rRNAs §§om Bombyx mori and Dictyostelium discoideum were
end-labeled with [““-P] at either the 5' or 3' end and sequenced using
enzymatic digestion. The secondary structure of these molecules was
studied using the single-strand specific S1 nuclease and the base-pair
specific cobra venom ribonuclease. Computer analysis of these results was
performed and was used to generate a consensus secondary structure for
each molecule. A comparison of these results with those of other workers
is presented.

INTRODUCTION

The secondary and tertiary structure of RNA is vital in determining
its biological function. There is extensive experimental documentation of
this for such molecules as tRNA (1,2), and the rRNAs (3). Predictions of
secondary structure for these molecules have generally employed one of the
following criteria: computer modeling based upon thermodynamic data (4),
structure-specific enzymatic cleavage (5), and phylogenetic comparisons
(6). However, current thermodynamic data is insufficient to yield a
correct structure in most cases (7), enzymatic structure - mapping alone
often yields ambiguous results (8), and phylogenetic comparisons cannot
aid in the elucidation of any secondary or tertiary interactions which are
particular to a given organism's RNA,

In the work presented here, we have utilized a combination of all
three of these methods to predict the secondary structure of the 5S rRNA
molecules from the silk moth Bombyx mori and the slime mold Dictyostelium
discoideum. Consensus secondary structures for these molecules are pre-
sented, and are compared to 55 rRNA structural models obtained by others
(9-21).
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MATERIALS AND METHODS

Enzymes: Calf intestine alkaline phosphatase (Boehringer-Mannheim)
was purchased and further purified by Sephadex-G75 chromatography prior to
ugse in order to eliminate contaminating ribonucleases (22). T4 polynucleo-
tide kinase (Bethesda Research Laboratories), Tl (Sankyo), P1 (P-L Bio-
chemicals), T2 (Sigma Chemical Co.), U2 (Research-Plus) and CL3 (Bethesda
Research Laboratories) ribonucleases were used without additional puri-
fication. Physarum nuclease, was a gift from H. Donis-Keller. T4 RNA
ligase was kindly provided by N. Pace. Bacillus. cereus pyrimidine specific

ribonuclease (23), S1 nuclease and cobra venom ribonuclease were purified
as described (8).
Purification of 55 rRNA: Bombyx mori wild type fifth instar larvae

~were a gift of Marian R. Goldsmith. Total RNA was prepared from these
insects by phenol/meta-cresol/8-hydroxyquinolone extraction as follows:
approximately 5 grams of wild type larvae were ground to a fine powder in
1iquid nitrogen. The powder was suspended in 200 ml of homogenization
buffer (25 mM Tris-HCl pH 7.4, 50 mM MgCl,, 250 mM NH4C1, 250 mM NaCl,
0.25 M sucrose (nuclease-free, Schwartz/Mann), 0.5 mM EGTA, 0.5% v/v
B-mercaptoethanol, 50 microgram/ml spermine, 100 microgram/ml sodium
heparin) and homogenized with a Dounce homogenizer. This suspension was
then centrifuged at 3500 rpm, for 60 min., at 4°C, in a Beckman J-21B
centrifuge using a JA-14 rotor. The supernatant was saved and centrifuged
at 5000 rpm, for 30 min., at 4°C. This supernatant was extracted 5 times
with equal volumes of a phenol mix (1 liter phenol, 140 ml meta-cresol,
1.0 gm 8-hydroxyquinolone, H20 saturated). The aqueous phase was then

extracted 3 times with equal volumes of H, O saturated diethyl ether.

Residual ether was removed by evaporationzunder vacuum, the solution was
made 0.3 M in NaCl, and 3 volumes of 95% ethanol were added. The result-
ant RNA precipitate was stored at -20°C. RNA was recovered by centri-
fugation, and was redissolved in 9 M urea, 10 mM EDTA, 0.5% xylene cyanol
(XC), 0.5% bromophenol blue (BPB). 5S rRNA was isolated from this mixture
by electrophoresis of the total RNA on a 6 mm thick 6% polyacrylamide-

8.3 M urea preparative gel. Bands were visualized by UV shadowing, excised,
and eluted in 300 mM NH40Ac pH 5.5, 10 mM EDTA, at 37°C for 8-16 hrs.

Dictyostelium discoideum total RNA was obtained by Alan Kimmel. D.

discoideum 5S rRNA was also prepared by electrophoresis of the total RNA
on a 6mm thick 8% polyacrylamide-8.3 M urea preparative gel, followed by

UV shadowing, excision and elution of the proper band.
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End-labeling: Both 5' and 3' end labeling of the 5S rRNAs was per-
formed as described by Vournakis et al. (8), and Pavlakis et al. (24).

End analysis: 5'[32P]-labe1ed and 3'[32P]—labe1ed RNAs were digested
exhaustively with Pl and T2 nucleases, respectively. The end products of
these digests were identified using PEI-cellulose thin layer chromatography
as reported (5).

Sequencing and structure analysis reactions: Sequencing reactions

and S1 structure mapping reactions were performed according to procedures
established by Vournakis et al. (8). In addition, standard Sl reactions
were performed at 75°C in order to genmerate cleavages at all nucleotide
positions, thus assisting in the proper identification of bands in the
structure-mapping reactions. Cobra venom ribonuclease (CVR) digests were
performed essentially as described, using a 1:200 enzyme dilution (8).
The reactions were loaded onto thin (40 X 33 X 0,40 cm. or 90 X 30.5 X
0.028 cm.) 10%Z to 20% polyacrylamide-8.3 M urea gels and electrophoresed
as described (8,25).

Computer predictions of secondary structure: Computer models of

secondary structure were obtained using a version of the program developed
by Zuker and Stiegler (26), which was a gift from Richard J. Feldman. S1
accessibility data was used to generate models as discussed below (25).

In addition, a second approach was used to obtain predictions of 5S secon-
dary structure. The PROPHET (27) interactive graphics system, which 1is a
national resource for biomedical research, has the capability of generat-
ting RNA secondary structures that are unbiased by thermodynamic considera-
tions. Both S1 and CVR data were input via a light pen/data tablet system
to construct structures that are in agreement with experimental evidence.
Phylogenetic considerations were used as well. Details of this approach

are described in a forthcoming publication (28).

RESULTS AND DISCUSSION

End-Analysis

Bombyx mori 5S rRNA is equally homogenous at both ends as determined
by end-analysis. The 5' end consists 100% of G and the 3' end is 100% U.
Dictyostelium discoideum 55 rRNA labeled at the 5' terminus was found to

yield no minor species upon end analysis, and consists 100% of G.

Sequence of the 5S rRNAs

The Bombyx mori 5S molecule was completely sequenced from both ends
using 5' and 3' end-labeled RNA and the rapid RNA sequencing method (29, 30)

655



Nucleic Acids Research

with thin polyacrylamide gels (see Materials and Methods). An example of
a set of sequencing reactions is illustrated on the left side of Figure 1.
The major species is 119 nucleotides long and identical to the first 119
nucleotides of the B. mori 5S molecule sequence determined by Komiya

et al. using Peattie's chemical sequencing method (31). Light bands one
nucleotide longer than the major species are seen on sequencing gels of 3'
end-labeled RNA, suggesting the presence of a small percentage of molecules
with one additional uracil residue at the 3' end. This minor species is
the same as the 120 nucleotide molecule sequenced by Komiya et al. (31).
Several other 55 RNAs appear to have terminal uracil moieties present in
less than one mole per mole of 5S RNA (32-37).

Whereas Komiya et al. (31) reported that the chemical sequencing
technique they employed was unable to detect G87, our enzymatic technique
yielded unambiguous results in this region when reactions were performed
under proper conditions and gels were run maintaining total denaturation
of the RNA as discussed elsewhere (8). Other workers (13) have reported
difficulty in making clear distinctions between cytosine and uracil in
enzymatic digests. However, with judicious use of such enzymes as Physarum
nuclease, Bacillus cereus nuclease, and the cytosine specific chicken
liver ribonuclease (CL3) (38,39), our laboratory has avoided such problems.

Dictyostelium 5S rRNA was completely sequenced using 5' end-labeled
RNA as discussed above. The sequence thus obtained is identical to that
determined by Hori et al. using chemical degradation a1).
Structure~-Analysis of 55 rRNA with Enzyme Probes

S1 nuclease isolated from Aspergillus oryzae has been shown to be

specific for single-stranded RNA (40) and has been used to locate non-
base-paired regions in numerous RNAs of biological interest (5,8,24,25,
41-43), including 55 rRNA (8,10,20,21). Cobra venom ribonuclease is known
to cleave RNA only in regions involved in secondary or tertiary interactions
in several RNA molecules (8,44,45). Thus, through concomitant use of both
of these enzymes one can obtain exhaustive direct information concerning
the secondary structure of a given RNA. Examples of digests of B. mori 5S
rRNA with these enzymes are shown on the right side of Figure 1. Care
must be taken in the assignment of bands from such digests because both S1
and CVR generate 5'-oligonucleotides with 3' hydroxyl groups whereas
alkaline digests as well as all of the sequencing enzymes generate oligo-
nucleotides with 3'-phosphates. This causes S1 and CVR bands to migrate

at a slower rate than the corresponding sequencing bands. In order to
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BOHPC COHT U § S OHCVRCVR-E Figure 1. Electrophoretic patterns
Lz e of partial enzymatic digestions for
v . . sequencing and structural analysis
of 3' end-labeled Bombyx mori 5S rRNA
on a 10% polyacrylamide-8,3M urea
gel. Reactions were loaded onto the
gel as follows: BC, Bacillus cereus
nuclease, 15 min; OH , alkaline
digestion, 12 min at 90 C; P,
Physarum nuclease, 15 min; C(1),
CL3 ribonuclease, 0.8 U/microgram
RNA, 30 min; C(2), CL3 ribonuclease,
0.8 U/microgram RNA, 90 min; T, T1
nuclease, 0,08 U/microgram RNA, 15
min; U, U2 ribonuclease, 0.018
U/microgram RNA, 15 min; S(1), S1
nuclease, 0,006 U/microgram RNA,
10 min; S(2), S1 nuclease, 0.006
U/microgram, 30 min; CV(1), cobra
venom ribonuclease, 10 min; CV(2),
cobra venom ribonuclease, 25 min;
~-E, minus enzyme control. 9000
Cerenkov cpm of the 3'-labeled 5S was
loaded per slot. The positions of
cleavage by S1 and cobra venom ribo-
nuclease are indicated along the
right side and the sequence is shown
along the left side of the figure.
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aid in the assignment of structure-mapping bands, S1 reactions were per-
formed at high temperature (see Materials and Methods). Reactions under
these conditions are known to produce cleavages at all nucleotide posi-
tions (R. Riley, personal communication), facilitating localization of
enzymatic cuts. Positions of cleavage in the 55 rRNAs from B. mori and D.
Discioideum by these structure-specific nucleases are indicated in Figure
1 and are summarized in Figure 3.

The usefulness of the coordinate application of CVR and S1 in deter-
mination of RMA secondary structure is illustrated in Figure 2. Here a
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Figure 2. Localization of a hairpin loop using S1 and Cobra venom ribo-
nuclease accessibility data. Reactions were loaded onto a 10%-8.3M urea
gel as follows: S(3), S1 nuclease, 0.05 U/microgram RNA, 15 min; S(2),
S1 nuclease, 0.05 M/microgram RNA, 5 min; S(l), Sl nuclease, 0.05
U/microgram RNA, 1 min; OH , alkaline digestion, 12 min at 90 C; -E,
minus enzyme control; CV(2), Cobra venom ribonuclease, 15 min; CV(1),
Cobra venom nuclease, 5 min. 13000 Cerenkov cpm of 3'-labeled 5S was
loaded per slot. The positions of S1 cleavages are indicated along the
left side, cobra venom ribonuclease cleavages are shown at the right, and
the nucleotide sequence of the region is indicated along the alkaline
digest lane. The proposed secondary structure of this region is 11lus-
trated at the bottom of the figure.
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hairpin 1oo§ is localized by the presence of a series of Sl cleavages
flanked both 5' and 3' by CVR cleavages. When data such as this is com~
bined with sequence comparisons between various 5S rRNA molecules (data
not shown) the structures illustrated in Figure 3 are generated.

A computer model of the secondary structure of the B. mori and D.
discoideum 5S rRNAs, generated using thermodynamic considerations alone,
are shown in Figure 4. It is seen, by comparing Figure 4 with Figure 3
that the basic folding rules and thermodynamic information available at
present are inadequate to predict a correct secondary structure with
assurance. This is indicated by the disagreement of the computer-generated
structure with data from structure-mapping digests as well as by the fact
that lowest-free-energy models calculated for several 5S rRNA (data not
shown) bear little or no resemblance to one another (compare the B. mori
and the D. discoidium structures in Figure 4). Clearly, structure speci-
fic enzyme accessibility data and phylogenetic comparisons must be taken
into consideration in any determination of an RNA molecule's secondary
structure.

The models in Figure 3 are in excellent agreement with our enzymatic
data on the B. mori 5S except for the S1 cleavage between U69 and G70 and
following G116 and G117, and the CVR cuts located between C39 and C40, C40
and G41, and AS54 and A55. It is possible that the two CVR cleavages at
C39 and C40 may be a result of tertiary interactions between the two
hairpin loops at positions 89-91 and 32-45. The S1 cleavages at the
3'-end of the molecule (stem I) may be an end-effect due to breathing of
the hairpin helix. S1 and CVR digests were performed on D. discoideum 5S
in essentially the same manner as those on B. mori 5S rRNA. Positions of
these structure-mapping cleavages are also indicated in Figure 3. A
computer model of the secondary structure of this molecule, constructed
utilizing thermodynamic constraints, alone, is illustrated in Figure 4.

It shows even more clearly than the model for B. mori 55 rRNA that thermo-
dynamic computer modeling alone is insufficient for the prediction of
secondary structure.

It is evident that the proposed secondary structures for B. mori and
D. discoideum 5S rRNAs are nearly identical to one another. Additionally,
it can be observed that the 55 rRNAs from such diverse sources as Human KB

cells, Xenopus laevis, Drosophila melanogaster, Tetrahymena thermophilia,

Torulopsis utilus and Triticum vulgare can form a secondary structure

which correlates very well with our proposed models. Additional evidence
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Figure 3. Secondary structure models of B. mori and D. discoideum 5S
rRNA, using S1 nuclease and cobra venom ribonuclease accessibility data.
Helical regions are labeled I-V using the nomenclature of Leuhrsen and Fox
(13). An alternative for helical region III, labeled IIIa, is indicated
for each molecule. The models were obtained using the PROPHET interactive
computer graphics system developed by Bolt, Beranek and Newman, Inc.,
Cambridge, Mass (27). The nuclease susceptibility data (both S1 and CVR)
shown were used as input information and the models were obtained without
imposing thermodynamic criteria (28).
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Figure 4., Optimal lowest free-energy structures of B. mori and D. dis-
coideum 55 rRNAs generated using a version of the secondary structure
prediction program developed by Luker and Stiegler (26), using only RNA
sequence information as input data.

for the generality of our model comes from its agreement with structure-
specific probing of other 5S molecules including: hydroxymethyltrimethyl-
psoralen crosslinking in Drosophila (17), RNAses T1l, T2 and A, modifica-
tion of exposed guanine residues in T. utilis (18), RNAses Tl and A in
Chlorella (19), and S1 digestion in T. utilus (10), wheat embryo (20),and
Yeast (21). Infrared and Raman spectroscopy on rat 5S RNA (12) indicates
that it folds into a secondary structure similar to those proposed here.
Several attempts at describing a general 5S rRNA secondary structure
model have been published in recent years (9-16). Luehrsen and Fox (13)
have developed a useful nomenclature, designating base-paired and non-paired
regions by numbers and letters, respectively, in a proposed general model.

We describe our results on B. mori and D, discoideum 5S rRNAs, shown in

Figure 3, using the Luehrsen and Fox nomenclature, in Table one. The most
interesting differences between the Luehrsen and Fox (13) model and our
results include the following: we do not have a loop A-2 only A-1 which
we name A in Table 1; the bulge bases at positions 63 and 49-50 make
stems II and III longer in our model; bulge bases 43-44 can generate an

even longer stem III, that we call IIIa; and bulge bases at 83 and 94 in
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Table 1. Architectural features of B. mori and D. discoideum 5S rRNA

using the nomenclature of Luehrsen and Fox (13).

Helical Region No. of Base-pairs Non-paired No. of Bases
Region*
A. B. mori
I 9 A 4
II 8 Bl 5
ITI(IIIa) 6(8) B2 4
v 8 C(Ca) 12(6)
v 6 D 4
El 5
E2 3
B. D. discoideum
I 9 A 4
II 8 Bl 5
III(IIIa) 6(8) B2 4
Iv 8 C(Ca) 12(6)
v 4 D 4
El 7
E2 5

*1 or 2 bulge bases can exist at positions 43-44, 49-50, 63, 83 and 94

in B. mori, and at positions 43-44, 49-50, 63, 82 and 95 in D, discoideum.
Single, non-paired, hinge bases can exist at positions 69 and 109 in both
molecules (see Fig. 3).

B. mori and at 82 and 95 in D. discoideum make stem IV longer in our
models, being identical to the "extended” helix IV of Barnett et al. (14)
and MacKay and Doolittle (16). Our models agree very well with that
proposed in 1974 by Nisikawa and Takemura (9), and are consistent with the
considerations of Studnicka et al., (15), among others (14, 16). We have
displayed the 5S molecules with a new orientation, locating the 5'-terminus
to the top left, in an attempt to be consistent with the usual display

mode of tRNAs. Studies are underway to further elaborate the general

features and important species differences of 5S rRNA molecules.
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