§5.85-288S RIBOSOMAL RNA JUNCTION COMPLEX

Compton, J. L., Bellard, M., and Chambon, P. (1976), Proc.
Natl. Acad. Sci. U.S.A. 73, 4382-4386.

Dall’Acqua, F., Marciani, S., Ciavatta, L., and Rodighiero,
G. (1971), Z. Naturforsch. B 26, 561-569.

Davis, R. W, and Hyman, R. W. (1971), J. Mol. Biol. 62,
287-301.

Davis, R. W., Simon, M., and Davidson, N. (1971), Methods
Enzymol. 21, 413-428.

Foe, V. E., Wilkinson, L. E., and Laird, C. D. (1976), Cell 9,
131-146.

Garel, A., and Axel, R. (1976), Proc. Natl. Acad. Sci. U.S.A.
73, 3966-3970.

Hanson, C. V., Shen, C.-K. J., and Hearst, J. E. (1976),
Science 193, 62-64.

Hewish, D. R., and Burgoyne, L. A. (1973), Biochem. Biophys.
Res. Commun. 52, 504-510.

Hirschman, S. Z., Leng, M., and Felsenfeld, G. (1967), Bio-
polymers 5, 227-233.

Honda, B. M., Baillie, D. L., and Candido, E. P. M. (1974),
FEBS Lett. 48, 156-159.

Isaacs, S. T., Shen, C.-K. J,, Hearst, J. E., and Rapoport, H.
(1977), Biochemistry 16, 1058-1064.

Kierszenbaum, A. L., and Tres, L. L. (1975), J. Cell Biol. 65,
258-270.

Kornberg, R. D. (1974), Science 184, 868-871.

Lam, D. M. K., and Bruce, W. R. (1971), J. Cell. Physiol. 78,
13-24.

Liquori, A. M., Constantino, L., Crescenzi, V., Elia, V., Giglio,
E., Puliti, R., DeSantis Savino, M., and Vitagliano, V.
(1967), J. Mol. Biol. 24, 113-122,

Mathis, D. J., and Gorovsky, M. A. (1976), Biochemistry 15,
750-755.

Musajo, L., and Rodighiero, G. (1970), Photochem. Photobiol.
11, 27-35.

Noll, M. (1974), Nature (London) 251, 249-251.

Noll, M. (1976), Cell 8, 349-355.

Pathak, M. A, and Kramer, D. M. (1969), Biochim. Biophys.
Acta 195, 197-206.

Reeder, R. H. (1975), J. Cell Biol. 67, 357a.

Reeves, R. (1976), Science 194, 529-532.

Sanger, F., Air, G. M,, Barrell, B. G., Brown, N. L., Coulson,
A. R., Fiddes, J. C., Hutchison, C. A., I1I, Slocombe, P. M.,
and Smith, M. (1977), Nature (London) 265, 687-695.

Straus, N. A., and Birnboim, H. C. (1974), Proc. Natl. Acad.
Sci. US.A. 71, 2992-2995,

Tsuboi, M. (1964), Bull. Chem. Soc. Jpn. 37, 1514-1522.

Van Holde, K. E., Sahasrabuddhe, C. G., and Shaw, B. R.
(1974), Nucleic Acids Res. |, 1579-1586.

Weintraub, H., and Groudine, M. (1976), Science 193,
848-856.

Weintraub, H., Palter, K., and Van Lente, F. (1975), Cell 6,
85-110.

Wiesehahn, G. P., Hyde, J. E., and Hearst, J. E. (1977), Bio-
chemistry 16, 925-932,

Structure of the 5.8S RNA Component of the 5.85-28S Ribosomal

RNA Junction Complex?

Norman R. Pace,* Thomas A. Walker, and Ellen Schroeder

ABSTRACT: The 5.8S ribosomal RNA of mouse L-cells is
dissociable from 28S rRNA by treatment with agents which
disrupt hydrogen bonding. The 5.8S-28S rRNA association
is restored by appropriate annealing procedures, to yield a
complex with thermal denaturation properties identical with
those of the native 5.8S-28S rRNA complex. Ribonuclease
digestion of the artificial 5.85-28S rRNA complex, radioactive
only in the 5.8S rRNA moiety, yields a fragment not released
from uncomplexed 5.8S rRNA. This 5.8S-derived fragment
has the properties expected of the 5.8S-28S rRNA junction
complex, including ribonuclease resistance, a sharply tem-

It is becoming evident that specific RNA-RNA interactions
are of paramount importance to the machinations of the pro-
tein-synthesizing apparatus. For example, in prokaryotes 16S
ribosomal RNA (rRNA) appears to assist in the binding of
mRNA to the ribosome (Shine and Dalgarno, 1971; Steitz and
Jakes, 1975); 5S rRNA may be jnvolved in the placement
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perature-dependent reduction in apparent size, and the ability
of denatured fragments to reanneal with 28S but not 18S
rRNA. The 5.85-28S rRNA junction complex is shown to
include the 3’-terminal 42-43 nucleotides of the 5.8S rRNA
molecule; however, it is proposed that only the 3’-terminal
20-21 nucleotides are associated by complementary base in-
teraction with the 28S rRNA. The residuum (21-22 nucleo-
tides) of the 5.8S rRNA component of the junction complex
is envisaged to form an intramolecular hairpin which stacks
upon and hence stabilizes the RNA double helix formed by the
5.8S-288S association.

and/or displacement of the tRNA molecules from their sites
on the ribosome surface (Erdmann et al., 1973); and structural
transitions in the tRNA-mRNA complex have been proposed
to provide the essence of the translocation process (Woese,
1970). An example of an RNA-RNA interaction which as yet
has no known role is the 5.8S-28S rRNA complex which exists
in the ribosomes of eukaryotes (Pene et al., 1968). The 5.8S
rRNA, which is about 160 nucleotides in length (Nazar et al.,
1975), is rather stably associated along a portion of its length
with the 28S rRNA, apparently through hydrogen bonding.
The 5.85-28S rRNA complex is dissociated by heat or urea
(Pene et al., 1968), and may be reformed from its constituent
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RNA molecules under appropriate annealing conditions (see
below). As one component of a study of the structure and
function of the 5.88-28S rRNA complex, we here define that
portion of the mouse 5.8S rRNA nucleotide sequence which
is associated with 28S rRNA.

Materials and Methods

(1) Growth and Labeling of Cells. Mouse embryo fibro-
blasts (L-929 strain) were grown in suspension in Eagle’s
minimal essential medium (MEM)! supplemented with 5%
calf serum and 0.05% methylcellulose. To isotopically label
total cellular RNA, cells were suspended at a density of 5 X
103/mL in phosphate-free MEM containing 0.15% NaHCOs,
0.05% methylcellulose, 0.02 M Hepes, and 5% dialyzed fetal
calf serum. Carrier-free H332PQy, which had been purified by
chromatography on a Dowex-1 column immediately before
use, was added to a concentration of 200 uCi/mL. After 48 h
of incubation at 37 °C, the cells were collected by centrifu-
gation, washed twice in a buffer containing 0.01 M Tris-HCl
(pH 7.4), 0.15 M NH,4CI, 0.002 M MgCl,, and 0.002 M
CaCl,, and suspended in 0.05 M Tris-HCI (pH 7.4),0.1 M
NaCl, and 0.001 M EDTA (STE).

(2) Extraction and Purification of RNA. RNA was ex-
tracted from cells by shaking twice with STE-saturated phenol
and then precipitated from 75% ethanol. Total RNA was
fractionated by sucrose gradient sedimentation as described
previously (Walker and Pace, 1977). The 5.88 rRNA was
released from purified 28S rRNA by heating for 2 min at 65
°Cin0.01 M Tris-HCI (pH 7.4) and 0.001 M EDTA, followed
by rapid cooling to 0 °C. The solution was once again sub-
mitted to sucrose gradient sedimentation. The low molecular
weight material containing 5.8S rRNA was collected from the
top of the sucrose gradient and purified further by electro-
phoresis through, and elution from, an 8% polyacrylamide gel
(Walker et al., 1974),

(3) Melting and Reannealing of RNA-RNA Complexes.
Samples of native or artificial 5.8S rRNA complex to be de-
natured prior to analysis were precipitated from ethanol, dried
in vacuo, dissolved in a small volume of 0.003 M EDTA (pH
7.3), and then held in an 80 °C water bath for 1 min. Following
rapid chilling in an ice bath, the sample was minipulated as
desired. In some experiments it was useful to monitor the de-
pendence of melting upon temperature. In these cases, ethanol
precipitates were dissolved in 0.1 M NaCl, 0.003 M EDTA
(pH 7.3), and aliquots were sealed into capillary pipettes. The
sealed samples were held at indicated temperatures in a Haake
circulating water bath for 2 min, chilled in an ice bath, and then
subjected to appropriate polyacrylamide gel electrophoresis
for separation of products. The products of 5.8S-28S complex
denaturation were resolved by electrophoresis through a 3.5%
polyacrylamide gel (acrylamide-bis(acrylamide), 20:1 in
buffer E (Loening, 1967)); the products of fragment I complex
denaturation were resolved in a 15% gel (acrylamide-bis(ac-
rylamide), 100:1 in buffer E) with a short stacking gel of 6%
polyacrylamide (acrylamide-bis(acrylamide), 100:1) in one-
half concentrated buffer E. After electrophoresis at approxi-
mately 8 V/cm for the appropriate time, analytical gels were
dried in vacuo in a boiling water bath.

! Abbreviations used are: Hepes, N-2-hydroxyethylpiperazine-/V’-
2-ethanesulfonic acid; EDTA, ethylenediaminetetraacetic acid, disodium
salt; NaDodSOy, sodium dodecyl sulfate; DEAE-cellulose, diethylami-
noethylcellulose; Tris, tris(thydroxymethyl)aminomethane; STE, 0.1 M
NaCl,0.001 M EDTA, 0.05 M Tris-HCI (pH 7.4); buffer E, 0.02 M so-
dium acetate, 0.001 M EDTA, 0.04 M Tris-acetate (pH 7.2); fragment
I, the ribonuclease-resistant component of the 5.85-28S rRNA junction
complex: MEM, Eagle’s minimal essential medium.
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The optimum temperature for annealing 5.88 rRNA with
28S rRNA, which had been stripped of resident 5.8S rRNA,
was determined to be about 58 °C in 0.4 M NaCl, 0.003 M
EDTA (pH 7.3) (see Results section); these conditions
therefore generally were employed. In the case of annealing
denatured fragment | to 28S rRNA, incubation was at 50 °C
instead of 58 °C. This temperature was chosen because the
fragment I 7, is 6-7 °C less than that of the native 5.85-28S
rRNA complex. Annealing mixtures generally were incubated
for 1 h, although, at the RNA concentrations employed, the
reactions were essentially complete within 10 min. Any samples
to be analyzed by gel electrophoresis subsequent to annealing
were diluted fourfold with 0.003 M EDTA (pH 7.3) prior to
application to polyacrylamide gels.

(4) Preparation of the 5.85~28S rRNA “Junction Com-
plex”. Purified 32P-labeled 5.8S rRNA (5-10 ug) of 1 X 106
to 4 X 10° cpm per ug of RNA and 500 ug of nonradioactive
28S rRNA (stripped of resident 5.8S as described above) were
mixed, precipitated from ethanol, and dissolved in 108 uL of
0.003 M EDTA (pH 7.3). After thorough mixing to ensure
that all RNA was in solution, 12 uL of 4 M NaCl was added
and the mixture was sealed in a capillary and held at 58 °C for
1 h. Following incubation the sample was cooled in an ice bath
and then added to a polystyrene tube containing 13 uL of 4 M
NaCl (i.e., to a final NaCl concentration of about 0.8 M).
RNase T1 (15 L) at 200 ug/mL or a mixture of RNase T1
and RNase A at 100 ug each per mL was added; then the
sample was held at 0 °C for 30 min. Following this digestion,
the sample was diluted threefold with 0.2% NaDodSO, and
immediately layered over a 15% polyacrylamide (acrylam-
ide-bis(acrylamide), 20:1) slab gel containing buffer E with
a 0.5-cm 6% polyacrylamide (acrylamide-bis(acrylamide),
100:1) stacking gel containing one-half concentrated buffer
E. Electrophoresis was carried out for 24 h in the cold at 4
V/cm; bands were located by radicautography and excised
from the gel. The gel segment containing fragment 1 was pul-
verized by grinding with a glass rod and then eluted twice by
overnight shaking in the cold in | M sodium acetate, 0.003 M
EDTA, 0.05 M Tris-HCl (pH 7.3). Gel fragments were re-
moved by filtration through tightly packed glass wool. If the
isolated fragment | was to be manipulated in denatured form,
MgCl; to 0.01 M and ethanol to 75% were added and the
precipitated RNA was recovered by centrifugation following
chilling to —20 °C for several hours. We find that addition of
Mg2* is required for good recovery of the fragment from
ethanol. However, ethanol precipitation also denatures sub-
stantial amounts of the complex population; ethanol is known
to destabilize base stacking interaction (Levine et al., 1963).
Therefore, if the intact complex was desired, the eluted frag-
ment | was exchanged into the appropriate buffer by passage
through a 0.7 X 20 ¢m Sephadex G-50 column equilibrated
with that buffer.

(3) Two-Dimensional Fingerprint Analysis. Complete
digests of RNA by RNase T1 were analyzed by two-dimen-
sional electrophoresis according to Sanger and Brownlec
(1967) with the following modifications in buffers. The first-
dimension electrophoresis was carried out on cellulose acetate
strips (Schleicher and Schuell) saturated with 0.3 M ammo-
nium formate (pH 3.5), 7 M urea, | mM EDTA. The electrode
buffer for the first dimension was 0.4 M ammonium formate,
1 mM EDTA and electrophoresis was carried out at 80 V /cm
for about 70 min. In the second dimension the buffer consisted
of either 7% formic acid or 0.1 M pyridine, 5% formic acid (pH
2.3). This latter buffer is superior to 7% formic acid in that
resolution within graticules is improved and, because of the
higher salt concentration in the pyridine-formate system, large
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oligomers migrate more rapidly in the DEAE paper. Following .

electrophoresis, oligonucleotides were detected by radioau-
tography and then excised and monitored for radioactivity.
Secondary characterizations of selected oligonucleotides were
carried out by completely digesting the oligonucleotides on
paper with RNase A (50 ug/mL) for 3 hat 37 °C and resolv-
ing the products by electrophoresis on DEAE paper in 0.5%
pyridine, 5% acetic acid (pH 3.5).

Results

Reconstitution and Characterization of Artificial 5.85-28S
rRNA Complex. 1If 5.85 rRNA is associated with 28S rRNA
via hydrogen bonds along a portion of its length, it is to be
anticipated that the bound segment would be resistant to di-
gestion by ribonuclease. At the outset of this investigation we
attempted to recover from native, 32P-labeled 5.85-28S rRNA
complex a ribonuclease-resistant segment not present in
23p_labeled 28S rRNA which had been stripped of 5.8S rRNA
by heat denaturation. This approach proved unsuccessful,
however; the plethora of fragments released by RNase from
32p-labeled 28S rRNA, which is 30-fold larger than the resi-
dent 32P-labeled 5.8S rRNA, obscured the region of polyac-
rylamide gels which in retrospect contained the complex of
interest. Recourse, therefore, was had to reconstituting the
5.85-28S rRNA complex with 32P-labeled 5.8S and nonra-
dioactive 28S rRNA, and then submitting this artificial
complex to RNase digestion; any radioactivity released by the
RNase must derive from the 5.8S molecule.

The reassociation of denatured 5.85-28S rRNA complex
has previously been reported (Sy and McCarty, 1971), al-
though the fidelity of the process was somewhat suspect; the
5.8S rRNA was observed to anneal extensively to 18S as well
as 28S rRNA. During our characterizations of the reannealing
of mouse 5.8S and 28S rRNA, we noted essentially no an-
nealing of 5.85 rRNA with carefully purified 188 rRNA under
the reconstitution conditions employed. It, therefore, seems
likely that the previously observed association of 5.8S with 18S
rRNA was due to significant contamination of the 18S rRNA
with fragmented 28S rRNA.

The temperature dependence of re-formation of the
5.85-285 rRNA complex was evaluated by holding mixtures
of 32P-labeled 5.8S rRNA and nonradioactive 28S rRNA
(previously stripped of resident 5.8S rRNA as detailed in
Materials and Methods) in 0.4 M NaCl, 0.003 M EDTA (pH
7.3), at various temperatures for 1 h. Reaction products then
were resolved by electrophoresis through a 2.8% polyacryl-
amide slab gel, all as described in the legend to Figure 1, and
Materials and Methods. Following drying of the gel slab and
radioautography (presented in the inset to Figure 1), ra-

dioactive bands were excised and their 32P content was deter-

mined; the fraction of radioactivity associated with the 28S
band as a function of incubation temperature is depicted in
Figure 1. Noteworthy are the quite sharp temperature de-
pendence of the annealing process, and the rather high tem-
perature required for complex formation. These observations
both suggest that the 5.8S association with 28S rRNA is a
specific one, involving a relatively extensive region of hydrogen
bonding. Under the same conditions, no association of 5.8S
with 18S rRNA was seen (data not shown, but see below). We
also observe that at annealing temperatures of 65 °C and
above, that 5.8S rRNA enters a structure having a substan-
tially lower electrophoretic mobility than 5.8S rRNA not ex-
posed to such conditions (see inset to Figure 1). This novel
structure has approximately the electrophoretic mobility ex-
pected for a dimer of 5.8S rRNA, but as well could reflect the
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FIGURE 1: Temperature dependence of 5.8S rRNA reassociation with
denatured 28S rRNA. Nonradioactive, denatured 285 rRNA at 250
ug/mL and 32P-labeled 5.85 rRNA at 0.75 ug/mL, prepared as detailed
in Materials and Methods, were held in sealed capillaries in 0.4 M NaCl,
0.003 M EDTA (pH 7.3), at the indicated temperature for | h. Following
incubation, the samples were chilled immediately in an ice bath and added
to an equal volume of cold E buffer + 0.19% NaDodSOy containing sucrose
crystals. Products were resolved by electrophoresis through a 2.8% poly-
acrylamide, 0.25% agarose slab gel in E buffer. The inset to the figure is
the radioautogram of the dried gel from which bands of radioactivity were
excised and monitored for *?P content. The fraction of the total 32P ra-
dioactivity located in the 28S band of the gel was determined for cach
lemperature.

assumption by the molecule of a secondary structure with a
very much more expanded radius of gyration and hence a lower
rate of migration in the polyacrylamide gel. Formation of the
structure does not require the presence of 28S rRNA in the
annealing mixtures and it is dissipated by heating to 80 °C at
low (0.003 M EDTA) but not high (0.4 M NaCl, 0.003 M
EDTA) ionic strength. Examination of this structure might
yield information bearing on intramolecular secondary and
tertiary interactions in the native 5.8S molecule.

It was important in this investigation to seek assurance that
the 5.8S-28S rRNA complex which we artificially reassemble
is equivalent to that derived from ribosomes. The most sig-
nificant observation bearing on the identity of the native and
artificial 5.85-28S rRNA complexes is that both exhibit the
same temperature dependence of denaturation. This was
evaluated, as detailed in the legend to Figure 2, by holding
native *2P-labeled 5.85-28S or artificial 32P-labeled 5.8S-
nonradioactive 285 rRNA complexes in 0.1 M NaCl, 0.003
M EDTA at various temperatures, then resolving the products
by electrophoresis through a 2.8% polyacrylamide slab gel.
Radioautograms of the dried gels are shown in Figures 2A and
2B. Radioactive bands evident on the films were excised and
monitored for their 32P content; Figure 2C depicts the fraction
of maximum 5.8S rRNA released from 5.85-28S rRNA
complexes vs. incubation temperature. It is evident that both
complexes undergo essentially identical thermal transitions,
with T, values of approximately 52 °C. Both the native and
artificial complexes display biphasic denaturation curves, in-
dicating some heterogeneity in the 5.85-28S rRNA popula-
tions. Presumably about 20-30% of the 5.85-28S rRNA
complex populations differ slightly from the majority in the
molecular details of the 5.85-28S association, and these details
render the complexes slightly more stable to thermal disso-
ciation. Most important, however, is that the native 5.85-28S
rRNA complex and that reconstructed by annealing 5.8S
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FIGURE 2: Thermal denaturation of native and artificial 5.85-285 rRNA
complexes. Native 32P-labeled 5.85-28S rRNA complex (125 ug/mL)
or *?P-labeled 5.8S rRNA (20 pug/mL) were held under standard an-
nealing conditions in the presence of stripped, nonradioactive 285 rRNA
(625 ug/mL). Following quick chilling in an ice bath, the mixtures were
diluted with 0.003 M EDTA to a final concentration of 0.1 M NaCl, di-
vided into aliquots, and sealed in capillaries. One aliquot of each was held
at the indicated temperatures for 2 min and then added to an equal volume
of one-half concentrated E buffer + 0.1% NaDodSOy. The products were
resolved by electrophoresis through an 8% polyacrylamide slab gel. Figures
2A and 2B show radioautograms of the dried gels from which bands of
radioactivity were excised and monitored for 3?P content. The fractions
of 5.8S rRNA remaining associated with 28S rRNA were determined for
the native complex by defining the maximum fraction of released 5.85
rRNA radioactivity as 1.0 and relating other fractions of released 5.8S
rRNA radioactivity to it. The values for the artificial complex are ex-
pressed simply as the fraction of the total 5.8 rRNA radioactivity found
in the 28S rRNA band at each temperature.

rRNA to 28S rRNA, which had been stripped of its resident
5.8S rRNA, apparently have the same structures; character-
ization of the mode of association of 5.8S with 28S rRNA in
such artificial complexes, therefore, presumably reflects that
existing in the native 5.85-28S rRNA complex and in the
ribosome.

Isolation and Characterization of the 5.85-285 rRNA
Junction. The availability of 5.85-28S rRNA complexes
which are radioactive only in the 5.8S moiety permitted the
search for the region of association; a ribonuclease-resistant
segment recoverable from the 5.85-28S rRNA complex, but
not free 5.8S rRNA, should represent the junction complex.
As detailed in Materials and Methods, 32P-labeled 5.8S rRNA
was annealed with stripped 28S rRNA, or 185 rRNA as a
control, and then digested with RNase T1 at 0 °C in the
presence of 0.8 M NaCl. Fragments then were resolved by
electrophoresis through a 15% polyacrylamide slab gel and
visualized by radioautography, as shown in Figure 3. It is clear
5324
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FIGURE 3: Isolation of the 32P-labeled 5.8S-unlabeled 28S rRNA
junction complex fragment by polyacrylamide slab gel electrophoresis.
As detailed under Materials and Methods, nonradioactive, denatured 28S
rRNA or 18S rRNA was held under standard annealing conditions in the
presence of 32P-labeled 5.8S rRNA. The NaCl concentration then was
adjusted to 0.8 M and RNase T1 digestion was carried out at 0 °C for 30
min. Digestion products were resolved by electrophoresis through a 15%
polyacrylamide slab gel. Figure 3 is a radioautogram of such a preparative
gel. The fragment indicated as band I, present only in the digestion
products of the 5.85-28S rRNA complex, was excised and eluted from
the gel.

Cellulose Acetate

pH 3.5

@jew.04-auIpLAd

Jaded-3y3Q

FIGURE 4: Two-dimensional fingerprint analysis of fragment I and 5.8S
rRNA. Fragment I was isolated following RNase T1 digestion of the
32p.labeled 5.8S-unlabeled 288 rRNA complex as discussed under
Materials and Methods and shown in Figure 3. The fragment then was
completely digested with RNase T1 and the resulting oligonucleotides
resolved by two-dimensional electrophoresis, also as described under
Materials and Methods. Figure 4A presents the radioautogram of the
fragment I fingerprint. Figure 4B shows the corresponding fingerprint of
intact 5.8S rRNA.

that RNase T1 digestion of the 5.85-28S rRNA complex
yields one radioactive band, identified in Figure 3 as band I,
which is not generated from free 5.88 rRNA (“annealed” with
18S rRNA). This novel structure was eluted from the appro-
priate segment of the gel, recovered by precipitation from
ethanol, and then digested to completion with RNase T1.
Released oligonucleotides were resolved by two-dimensional
electrophoresis as described in Materials and Methods; the
autoradiogram of the resulting fingerprint is shown in Figure
4A. Figure 4B is an equivalent fingerprint of 5.8S rRNA, for
reference. The oligonucleotides were eluted and their molar
yields determined. Analyses of the RNase A digestion products
of these oligonucleotides, with reference to the nucleotide se-
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FIGURE 5: A possible secondary structure for mouse 5.8S rRNA. The nucleotide sequence of mouse 5.8S rRNA is drawn in a possible secondary structure.
The segment corresponding to fragment I is enclosed within the box. The hatched portion of the box is the region proposed to be associated with 28S
rRNA; the stipled portion encloses the intramolecular hairpin which is envisaged to stabilize the 5.85-28S rRNA junction complex.

TABLE I: RNase T1 Digestion Products of Fragment 1.

Oligonucleo- Expected
tide? Sequence? Obsd yield® yield?
1 G- 5.4,5.6,3.3% 6.9*% 6
2 C-G- 1.2, 1.5, 1.1%, 1.7* 1-2
3 A-G- 0.9,1.1,0.8*%,1.2* 1
5 C-C-C-C-G- 0.8,0.7,0.2%,0.8* 1
9a U-C-G- 1.0, 1.0, 0.9%, 1.1* 1

10b C-C-U-G- 1.2,0.6, 1.1*, 1.1* 1

13 C-U-A-C-G- 1,0.9,0.9% 0.9* 1

14 U-C-U-G- 1.1, 1.2, 1.0*, 1.1* 1

19 U-U-C-C-U-C-C- 1,0.8,0.1* 0.2* 1
C-G-

3’-OH C-UOH 0.2,0.6,nd., nd. 1

2 The numbers refer to oligonucleotides in Figure 4. ¢ Oligonu-
cleotides resolved in Figure 4 were excised from the DEAE paper and
digested completely with RNase A and the products were analyzed
by electrophoresis on DEAE paper at pH 3.5. The sequences given
are those uniquely indicated by the resulting analyses, with reference
to the 5.8S rRNA sequence. ¢ Observed molar yields for four inde-
pendent preparations of fragment I, including two resulting from
RNase T1 digestion of 5.85-28S rRNA complex and two (denoted
by an asterisk) resulting from digestion with RNase T1 plus RNase
A. 4 Expected molar yields on the basis of the nucleotide sequence
shown in Figure 5.

quence of 5.85 rRNA, indicated the probable nature of the
junction complex.

The nucleotide sequence of rat 5.8S rRNA has been deter-
mined by Nazar et al. (1975). We find that the 5.8S rRNA of
mouse is identical in all respects, including heterogeneity at
the 5" end (pCG or pG). Nazar et al. (1976) also have observed
that the mouse 5.8S rRNA is essentially identical with that of
rat, although they did not recover pG- 5’ termini. The nucle-
otide sequence of the 5.8S rRNA molecule is drawn in Figure
5 with complementary regions juxtaposed in a possible sec-
ondary structure. The characterization and relative yields of
the RNase T1 oligonucleotides from fragment I are summa-
rized in Table I. These oligonucleotides constitute the 42-43
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nucleotide, 3’ terminus of the 5.8S molecule, as indicated in
the nucleotide sequence of 5.8S rRNA presented in Figure 5.
There is some uncertainty regarding the inclusion of Gy ¢ in
the complex; we recover between 1 and 2 mol of C-G- per mol
of fragment I. If G, were excluded, the complex should yield
only 1 mol of C-G-. Although the fragment I complex contains
42-43 nucleotides of 5.88 rRNA, we propose that only 20-21
of these are associated by complementary base pairing with
28S rRNA. This is because the 21-22 nucleotides residing at
the 5" end of the 5.8S rRNA segment of fragment I contain a
self-complementary region and so likely constitute an intra-
molecular hairpin of importance to the integrity of fragment
I (see Discussion section). This hairpin almost certainly exists
in free 5.8S rRNA (our unpublished observations). Evidence
suggesting that it as well occurs in the 5.88-28S rRNA junc-
tion complex was gained by examination of fragment I fol-
lowing digestion of the 5.85-28S rRNA complex with RNase
T1 plus RNase A. If in fact the hairpin depicted in Figure §
exists, its apex should be at least partially accessible to RNase
A digestion. The result would be a diminution of T1 oligonu-
cleotide 19, and the appearance of the appropriate frag-
ments.

The two-dimensional “fingerprint” of a complete RNase
digest of fragment I, prepared as detailed in Materials and
Methods by digestion of reconstituted 5.8S-28S rRNA with
both RNase T1 and RNase A, is shown in Figure 6. Note-
worthy is that oligonucleotide 19 (U-U-C-C-U-C-C-C-G-),
the apex of the proposed hairpin, is present in only trace
quantities (0.2 and 0.1 mol/mol of fragment I in two inde-
pendent experiments). Instead, two novel T1 oligonucleotides,
indicated in Figure 6 as A and B, are generated. These proved
to have the composition of UC3G (0.8 and 0.9 mol/mol frag-
ment [ in two experiments) and UC4G (0.1 mol/mol fragment
I detected in one experiment). Although we have not obtained
a sufficient quantity of these fragments to characterize their
sequences in detail, their compositions (determined following
RNase A digestion of the isolated oligonucleotides) are such
that they must derive from oligonucleotide 19 by RNase A
cleavage at the susceptible apex of the proposed hairpin
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FIGURE 6: Two-dimensional fingerprint analysis of fragment I released
by digestion with both RNase T1 and RNase A. The radioautogram shown
is a two-dimensional fingerprint of a complete Rnase T1 digest of fragment
I which was isolated following digestion of reconstituted 32P-labeled
5.85-nonradioactive 288 rRNA complex with both RNase T1 and RNase
A instead of RNase T1 alone. Note, in contrast to Figure 4A, the low yield
of oligonucleotide 19 and the presence of three novel oligonucleotides: (A)
UC3G; (B) UC4G; and (C) U,C,. These represent fragments of olig-
onucleotide 19, which in the complex is susceptible to RNase A cleavage,
presumably because it resides at the apex of the proposed hairpin in
fragment I.

structure. The residuum of the cleaved oligonucleotide 19,
whose structure should be U-U-C-C-, is indicated in Figure
6. Limited quantities of this fragment have precluded deter-
mination of the precise sequence. However, complete RNase
A digestion released equimolar C- and U-, and the oligonu-
cleotide occupies the position in the fingerprint expected for
the composition U,C,. The oligonucleotide is recovered in
molar yields only 0.1-0.2 of expected. Presumably, cleavage
at the apex of the hairpin labilizes this portion of the complex
to transient denaturation and hence subsequent cleavage by
RNase A or RNase T1 during the digestion interval.

If in fact 5.8S rRNA is associated with 28S rRNA as pro-
posed, the isolated junction complex, fragment I, should be
denatured by heat to yield a single fragment smaller than
fragment I. The temperature dependence of the process, rel-
ative to the denaturation of the native complex, should suggest
whether features additional to those discussed are involved in
stabilizing the native 5.85-28S rRNA complex. In pursuing
these expectations, purified 32P-labeled fragment I and re-
constituted 32P-labeled 5.8S-unlabeled 28S complex were held
in parallel at various temperatures as detailed in the legend to
Figure 7 and then submitted to electrophoresis through a 15%
slab gel. The radioautogram of the dried gel containing frag-
ment I is shown in Figure 7A; the radioautogram of the gel
containing the 5.8S-28S rRNA complex was similar to that
shown in Figure 2. It is evident that fragment I in fact under-
goes temperature-dependent dissociation, to yield a single,
electrophoretically homogeneous RNA fragment. Except for
the intramolecular hairpin discussed above, fragment I is not
obviously capable of forming dimeric structures by comple-
mentary base interactions. Presumably, then, the observed
decrease in apparent molecular size of fragment I is a conse-
quence of dissociation of the radioactive 5.8S rRNA-derived
fragment from its nonradioactive, 28S-derived complement.
Figure 7B presents the fractions of fragment I and 5.85-28S
rRNA complex dissociated by incubation at the indicated
5326
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FIGURE 7: Thermal denaturation of fragment I and 5.85-28S rRNA
complex. Fragment I and reconstituted 3?P-labeled 5.8S-nonradioactive
28S rRNA complex were individually equilibrated by passage through
Sephadex G-25 columns in 0.1 M NaCl and 0.003 M EDTA. Neither was
subsequently precipitated from ethanol in order to minimize denaturation
of fragment I. Aliquots of each were held at the indicated temperatures
for 2 min in sealed capillaries, then immediately chilled in an ice bath,
added to sucrose crystals, and applied to polyacrylamide slab gels. The
fragment I samples were resolved by electrophoresis through a 15% gel;
the radioautogram of this dried gel is shown in A. The 5.85-28S rRNA
complex samples were run on a 3.5% gel, the radioautogram of which was
similar to that shown in Figure 2. Bands of radioactivity in both gels were
excised and monitored for 32P content; the resulting denaturation curves
are presented in Figure 7B.
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FIGURE 8: Annealing of denatured fragment I to unlabeled, denatured
28S rRNA. A solution of fragment Iin 0.01 M EDTA (pH 7.3) was heated
to 80 °C for 2 min and then chilled immediately in an ice bath. Aliquots
were mixed with denatured 28S rRNA (10 ug) or 185 rRNA (5 ug) at
a final NaCl concentration of 0.4 M. The annealing mixtures were held
at 50 or at 0 °C for | h; the resulting products were resolved by electro-
pharesis through a 3.5% polyacrylamide slab gel in the cold, following the
addition of an equal volume of 4 E buffer + 0.1% NaDodSO, and sucrose
crystals to each sample. The radioautogram of the dried gel is shown,

temperatures. As shown above (Figure 2), the T\, of the
5.85-28S rRNA complex is about 52-53 °C. Fragment I, the
presumed 5.85-28S rRNA junction complex, is rather more
unstable, dissociating in 0.1 M NaCl with a T, of about 45 °C.
This observation suggests that secondary or tertiary structural
interactions in addition to those elucidated here assist in
maintaining the native 5.85-28S rRNA complex.

A second expectation of the involvement in the 5.85-28S
rRNA junction complex of the 5.8S-derived segment associ-
ated with fragment I is that [32P]RNA derived from fragment
I should be capable of specifically annealing to intact 28S
rRNA. As detailed in the legend to Figure 8, denatured frag-
ment I was mixed with purified 18S or stripped 28S rRNA,
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then held at 0 or 50 °C under appropriate annealing conditions.
All products were resolved by slab gel electrophoresis; the re-
sulting radioautogram is presented in Figure 8. It is clear that
the segment of 5.8S rRNA released from fragment I is capable
of reassociating with 28S but not 18S rRNA. However, we find
that the efficiency at which the 5.8S-derived segment from
fragment [ anneals to 28S rRNA is very much lower than
observed with the intact 5.8S rRNA molecule. This lower
annealing efficiency, coupled with the observations that
fragment I dissociates at lower temperatures than intact
5.8S-28S complex and is rather unstable to manipulation (see
Materials and Methods), suggests that at least part of the
above-noted secondary or tertiary interactions which enhance
the stability of the 5.85-28S rRNA complex resides in the
portions of the 5.8S rRNA molecule which are degraded
during the isolation of fragment I.

Discussion

Because of the considerable molecular complexity of the
native 5.8S-28S rRNA complex (ca. 5000 nucleotides), we
were unable to identify directly a RNase-resistant “junction
complex”, containing both 5.8S-derived and 28S-derived
segments; abundant digestion products obscured the relevant
regions of polyacrylamide gels. However, it proved possible to
reconstitute, by appropriate annealing procedures, the
5.85-28S rRNA complex from radioactive 5.8S and nonra-
dioactive 28S rRNA which had been stripped of resident 5.8S
rRNA by heat denaturation. The mouse L-cell 5.8S rRNA
contains only 158 nucleotides, so the RNase-resistant junction
complex, which contains 42 nucleotides derived from the la-
beled 5.8S rRNA, was readily identified among the digestion
products. The 5.85-28S rRNA complex generated and char-
acterized in this report is very probably identical with the native
complex. This identity is suggested by several pieces of infor-
mation, including: (a) the temperature dependence of the
5.85-28S rRNA annealing reaction is quite narrow, indicative
of a specific, hydrogen-bonding process; (b) the thermal de-
naturation properties of the artificial and native 5.85-28S
rRNA complexes are identical; (¢c) an RNase-resistant
complex involving part of the 5.8S rRNA molecule is retriev-
able following annealing to 28S rRNA, but not 18S rRNA,;
(d) the RNase-resistant 5.8S fragment isolated from the ar-
tificial 5.85-28S complex could be reannealed to intact 28S
but not 18S rRNA.

The 5.8S rRNA segment associated with the 28S rRNA in
the complex could be unambiguously identified by oligonu-
cleotide fingerprint analysis, with reference to the 5.8S rRNA
nucleotide sequence. The associated region, which is indicated
in Figure 5, includes the 3’-terminal 42 nucleotides; however,
we propose that only about 20-21 of these in fact are associated
by hydrogen bonding to a complementary sequence in 28S
rRNA. The remaining nucleotides in fragment I constitute a
self-complementary sequence and so probably exist as an in-
tramolecular hairpin. The existence of this hairpin is indicated
by the susceptibility of the predicted apex of the hairpin to
cleavage by RNase A, but not RNase T1 (the apex contains
no G residue). We propose that this intramolecular hairpin
permits a tertiary structural interaction which serves to sta-
bilize the presumed 5.85-28S rRNA double helix by coaxial
helix stacking. The envisaged 5.85-28S rRNA junction
complex is diagrammatically depicted in Figure 9.

Stabilization of double helical regions by coaxial stacking
likely occurs quite commonly in RNA-RNA interactions. The
feature certainly occurs in transfer RNA (Kim et al., 1974;
Robertus et al., 1974), and may also play an important role in
stabilizing the putative interaction of 5S and 23S rRNA in the
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FIGURE 9: The proposed 5.8S-28S rRNA junction complex. As described
in the text, the 3’-terminal 20-21 nucleotides of 5.8S rRNA are depicted
associated by complementary base interaction with 28S rRNA. The 21-23
nucleotide intramolecular hairpin is aligned coaxially on the 5.8S-28S
rRNA duplex.

prokaryotic ribosome. The 5S rRNA of Escherichia coli
contains a 12-nucleotide complement to 23S rRNA (Herr and
Noller, 1975) immediately 5’ adjacent to the “‘prokaryotic
loop”, a hairpin common to all examined prokaryotic 5S rRNA
molecules (Fox and Woese, 1975). The 5S rRNA is not ex-
tracted from ribosomes as a 5S-23S rRNA complex, but such
a complex can be generated by annealing (J. E. Dahlberg,
personal communication). It may be that during the ribosome
cycle the 5S rRNA is transiently bound to the 23S rRNA and
that cyclic, coaxial alignment-displacement of the hairpin
adjacent to the 5S-23S junction serves to coordinate the
5S-23S association-dissociation process. Still another example
of coaxial RNA duplex stacking likely stabilizes the 16S
rRNA-mRNA interaction, which apparently transiently oc-
curs during an RNA selection by prokaryotic ribosomes (Shine
and Dalgarno, 1971; Steitz and Jakes, 1975). As with the
possible 5S-238S interaction, the 16S rRNA-mRNA associ-
ation-displacement reactions could be strongly influenced by
the geometry of a double helical hairpin immediately adjacent
to the nucleotide sequence in 16S rRNA which binds its
complement in the mRNA. Also, the elegant “reciprocating
ratchet” model, proposed by Woese (1970) to be the essential
machination of mRNA translocation during protein synthesis,
utilizes coaxial stacking of tRNA anticodon loops as an im-
portant stabilizing element. Grosjean et al. (1976) have offered
experimental evidence that double helical regions adjacent to
complementary, intermolecular associations may enhance the
intermolecular binding constants several orders of magnitude.
The increase in binding constant is not due to a more favorable
association rate constant; rather, the rate of dissociation is
dramatically reduced.
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The secondary structure drawn for mouse 5.8S rRNA in
Figure 5 is at best approximate; it is generated by alignment
of relatively extensive (and therefore relatively stable) com-
plementary segments within the 5.8S molecule. The actual
structure of 5.8S rRNA is very likely much more compact than
shown. The relative insensitivity of the molecule to digestion
by S1 nuclease (Khan and Maden, 1976) suggests that in fact
the majority of the 5.8S rRNA is involved in secondary or
tertiary interactions. Since regions of complementarity in
addition to those shown in Figure 5 are not present in the
molecule, other secondary structural features probably are due
to non-Watson-Crick hydrogen bonding. Numerous examples
of such have been shown to be involved in the maintenance of
tRNA structure (Quigley and Rich, 1976). Nazar et al. (1975)
have suggested that, in addition to those duplex regions shown
in Figure 5, the 5’- and 3’-terminal 15-20 nucleotides are
juxtaposed by complementary base alignments. However, this
alignment probably does not exist in the native 5.85-28S
complex, since half of the proposed duplex (the 3’ terminus)
apparently is associated with the 285 rRNA. Moreover, the
proposed terminal duplex contains sufficiently abundant G-U
pairs and unpaired bases that it likely could not exist as a stable
feature in solution.

References

Erdmann, V. A, Sprinzl, M., and Pongs, O. (1973), Biochem.
Biophys. Res. Commun. 54, 942,

Fox, G. E., and Woese, C. R. (1975), J. Mol. Evol. 6, 61.

Grosjean, H., S6ll, D. G., and Crothers, D. M. (1976), J. Mol.
Biol. 103, 499.

Herr, W., and Noller, H. F. (1975), FEBS Lett. 53, 248.

5328 BIOCHEMISTRY. VOL. 16, NO. 24,

1977

PACE. WALKER, AND SCHROEDER

Khan, M. S. N, and Maden, B. E. H. (1976), FEBS Let:. 72,
105.

Kim, S. H., Suddath, F. L., Quigley, G. J., McPherson. A.,
Sussman, J. L., Wang, A., Seeman, N. C., and Rich, A.
(1974), Science 185, 435.

Levine, L., Gordon, J. A., and Jenks, W. P. (1963). Bio-
chemistry 2, 168.

Loening, U. E. (1967), Biochem. J. 102, 251.

Nazar, R. N, Sitz, T. O., and Busch, H. (1975), J. Biol. Chem.
250, 8591.

Nazar, R. N, Sitz, T. O., and Busch, H. (1976), Biochemistry
15, 505.

Pene, J. J., Knight, E., Jr., and Darnell, J. E., Jr. (1968), J.
Mol. Biol. 33, 609.

Quigley, G. J., and Rich, A. (1976), Science 194, 796.

Robertus, J. D., Ladner, J. E., Finch, J. T., Rhodes, D., Brown,
R.S., Clark, B. F. C., and Klug, A. (1974), Nature (Lon-
don) 250, 546.

Sanger, F., and Brownlee, G. G. (1967), Methods Enzymol.
12A.

Shine, J., and Dalgarno, L. (1971), Nature (London) 254,
34,

Steitz, J. A., and Jakes, K. (1975). Proc. Natl. Acad. Sci.
US.A 72, 4734,

Sy, J., and McCarty, K. S. (1971), Biochim. Biophys. Acta
228, 517.

Walker, T. A., and Pace, N. R. (1977), Nucleic Acids Res. 4,
595.

Walker, T. A., Pace, N. R.. Erikson, R. L., Erikson, E., and
Behr, F. (1974), Proc. Natl. Acad. Sci. U.S.A. 71, 3390.

Woese, C. R. (1970), Nature (London) 226, 817.



