5" TERMINI OF RIBOSOMAL PRECURSOR RNA

Studies on the 5’ Termini of Novikoff Ascites Hepatoma Ribosomal

Precursor RNA*
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ABSTRACT: The 5’ termini of 18S and 28S rRNA and their
325, 418, and 45S nRNA precursors were analyzed by frac-
tionating alkaline hydrolysates of the RNAs on columns of
diethylaminoethyl-Sephadex A-25 at neutral pH followed by
electrophoresis on Whatman 3MM paper at pH 3.5. The re-
sults indicate that each RNA begins with 2 mononucleoside
diphosphate of heterogeneous composition. The principal
nucleoside diphosphate was pCp in 28S, 328, 418, and 45S
RNA and pUp in 185 RNA. The 18S rRNA also contained
the most homogeneous composition with approximately 70%
of the molecules beginning with pUp; the 41S and 45S nRNA

The 5.8S, 18S, and 28S rRNAs of mammalian ribosomes are
transcribed in the nucleolus as a single precursor molecule, 458
nRNA. Labeling kinetics, hybridization studies, and sequence
analyses (see reviews by Grierson et al., 1970; Choi et al., 1975)
have shown that the mature RNA species are derived from this
458 precursor through a series of intermediate molecules and
cleavages (Figure 1). A significant portion of the precursor is
lost during processing; in mammalian cells, about 2.3 X 106
daltons or 50% is eliminated as nonribosomal sequences
(Weinberg et al., 1967). Studies utilizing labeling kinetics (Siev
et al., 1969; Hackett and Sauerbier, 1975), RNA-DNA hy-
bridization (Reeder and Brown, 1970), and in vitro synthesis
(Hecht and Birnstiel, 1972; Liau and Hurlbert, 1975) have
shown that the 18S rRNA sequence is proximal to the 5’ ter-
minus of 45S RNA with the 28S sequence distal to it. Electron
micrographs of partially RNase digested precursors (Wellauer
and Dawid, 1973) previously suggested the opposite polarity
but recently were reinterpreted (Dawid and Wellauer, 1976;
Reeder et al., 1976) and now also support this topographic
order. While sequence studies have unequivocably shown
mammalian 5.8S rRNA to originate in 32S nRNA (Maden
and Robertson, 1974; Nazar et al., 1975a), the arrangement
of the 5.8S and 28S rRNA sequences in 32S nRNA is un-
known. In Xenopus laevis, however, hybridization studies have
suggested that 5.88 RNA cistrons are located internally be-
tween the 28S and 18S rRNA sequences (Speirs and Birnstiel,
1974).

Despite these advances, many aspects of rRNA maturation
remain unclear. In the present study the 5’-termini of Novikoff
ascites hepatoma ribosomal RNAs and their precursors were
examined in considering the overall arrangement and pro-
cessing of mammalian rRNA precursors. As previously re-
ported for L-cell 188 and 28S rRNA (Lane and Tamaoki,
1967), both the mature and precursor RNA species from the
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termini were the most heterogeneous, each containing pCp in
only one-third of the molecules. Each terminal composition
was reproducible and characteristic for its RNA. The com-
position of 285 rRNA was very similar to that of 32S nRNA,
but distinctly different from 5.8S or 18S rRNA or 458 nRNA.
The isomeric forms of 45S nRNA contained no appreciable
amounts of a terminal 5'-triphosphate, although they had
similar nucleoside diphosphate compositions. These results are
discussed in relation to the transcription of ribosomal genes
and the arrangement of the 5.8S rRNA sequence within these
genes.

Novikoff ascites hepatoma were found to contain characteristic
but heterogeneous mononucleoside diphosphates at their 5
ends and not 2’-O-methylated 5’ termini as has been reported
(Choi and Busch, 1970).

Materials and Methods

Cells and Labeling Conditions. Novikoff ascites hepatoma
cells were maintained in male Holtzman rats for 6 days and
then labeled in vitro with [32P]orthophosphate as described
by Mauritzen et al. (1970). Two grams of packed cells was
incubated with 100 to 200 mCi of carrier-free [32P]ortho-
phosphate for 5 h.

Isolation and Purification of 32P-Labeled RNAs. After
labeling, the cells were collected by centrifugation at 7000g
for 10 min at 0 °C; RN A was extracted directly from the cell
pellet with 100 mL of 0.3% (w/v) sodium dodecyl sulfate-0.14
M sodium chloride-0.05 M sodium acetate (pH 5.1) and 100
mL of phenol solution (Steele et al., 1965) at 65 °C. In some
experiments RNA was extracted from ribosomal subunits as
previously described (Nazar and Busch, 1974). The RNA was
dissolved in 2 mL of 50% formamide, incubated at 65 °C for
5 min to dissociate all low-molecular-weight components, and
fractionated by electrophoresis on a 1.5% agarose gel slab (5
mm X 17 cm X 12 cm) in a vertical gel apparatus (E-C Ap-
paratus Corp., St Petersburg, Fla.) using a Tris!-boric acid-
EDTA buffer at pH 8.3 (Peacock and Dingman, 1968). The
gel was run at 3-6 °C witha 25-50 mA current for 6-12 hor
until a bromophenol blue dye marker completely migrated
from the gel. Individual RNA species were detected by auto-
radiography (Figure 2a) and recovered from the gel by ho-
mogenization in water followed by centrifugation (30 000g,
1 h) to remove the gel particles.

Hydrolysis of 32P-Labeled RNAs and Analyses of Frag-
ments. Purified RNA was precipitated at —20 °C with 2 vol-
umes of ethanol (2% potassium acetate) and hydrolyzed with
0.5 mL of 0.3 N sodium hydroxide for 72 h at 37 °C. The hy-

! Abbreviations used: Tris, tris(hydroxymethyl)aminomethane; DEAE,
diethylaminoethyl; EDTA, ethylenediaminetetraacetic acid; TEA, tri-
ethylamine.
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FIGURE |: Proposed maturation pathway for rRNA in Novikoff ascites
hepatoma cells. This maturation pathway is a summary of reports based
on labeling kinetics, competitive hybridization, and partial sequence
analyses (see reviews by Grierson et al., 1970; Choi et al., 1975).
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FIGURE 2: Autoradiographs of 32P-labeled Novikoff ascites hepatoma
ribosomal RNA and precursors fractionated on 1.5% agarose gels by
electrophoresis at pH 8.3. (a) Whole cell RNA fractionated on a prepar-
ative slab gel. (b) Purified RNAs rerun on an analytical gel. The major
RNA components are identified in the margins; low-molecular-weight
components and the bromophenol blue dye markers migrated off the
gel.

drolysate was neutralized with hydrochloric acid and diluted
five- to tenfold with 7 M urea before analysis by chromatog-
raphy on DEAE-Sephadex A-25 (Pharmacia Fine Chemicals,
Uppsala) at neutral pH (Tener, 1967) followed by electro-
phoresis on Whatman 3MM paper at pH 3.5 (Sanger et al.,
1965). For chromatography, the digest was applied toa 0.7 X
20 cm column and eluted with a 500-mL gradient (total vol-
ume) of 0.0 to 0.25 M sodium chloride in 7 M urea and 0.05
M Tris-HCI (pH 7.5). Four-milliliter fractions were collected
every 10 min and counted to determine their radioactivity.
Fractions comprising the various peaks were pooled and de-
salted on 0.5 X 1 cm columns of DEAE-Sephadex A-25, eluted
with 30% TEA-carbonate, dried, dissolved in water, and
spotted for electrophoresis. The 5 termini and alkali resistant
components were identified by electrophoresis on Whatman
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FIGURE 3: Patterns of separation for an alkaline hydrolysate of 32p-
labeled Novikoff hepatoma 18S rRNA. (a) Fractionation by DEAE-
Sephadex A-25 column chromatography at neutral pH. The cpm scale
is increased 100X beginning at fraction 30. (b) Fractionation of peak 3
(from a) by electrophoresis on Whatman 3MM paper at pH 3.5. The po-
sitions of the nucleoside diphosphates, xylene cyanol FF dye marker, and
the origins are identified in the margins.

Origin

3MM paper at pH 3.5 and further characterized by digestion
with alkaline phosphatase or venom phosphodiesterase
(Worthington Biochemicals Corp. Freehold, N.J.) and elec-
trophoresis under the same conditions (Sanger et. al,
1965).

Results

Two prerequisites were considered essential for terminal
analyses; the purified RNA molecules had to be undegraded,
particularly with respect to their termini, and not be contam-
inated with low-molecular-weight components. To avoid
degradation the RN As were generally extracted directly from
cells; this avoided lengthy preparative procedures which might
allow nucleolytic degradation. As a control RNA was also
prepared from ribosomal subunits and compared with whole
cell RNA. To remove partially degraded and low-molecular-
weight components, the RNA was heated in 50% formamide
prior to gel electrophoresis; this treatment also significantly
reduced the background in the preparative gels. When whole
cell RNA was purified on 1.5% agarose slabs (Figure 2a), the
four major high-molecular-weight components, the nucleolar
45S and 32S precursors and the mature 28S and 18S rRNAs,
were completely fractionated. In addition, two minor precursor
intermediates, 41S and 36S nRNA, were present between 32S
and 458 nRNA and two very minor components, possibly di-
rect precursors to 18S rRNA, were observed between the 18S
and 28S rRNA bands. As previously reported by Tiollais et
al. (1971), 45S nRNA was present as a broad heterogeneous
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TABLE I: Isotope Distribution in Products of Alkaline Hydrolysis of 32P-Labeled Novikoff Hepatoma rRNA and Precursors.?

Peak 3 Terminal composition Peak 4 Peak 5

RNA (pXp + Um-Gm-Up) pCp pAp  pGp pUp (Am-Gm-Cm-Ap)  (pppXp)
58S rRNA 41 4 51 4
18S rRNA 0.120(2.3) 13.0 8.2 8.3 70.5+ 33
28S rRNA 0.170 (6.6) 46.2+2.5 16.9 17.3 19.6 0.081 (3.2)
32S nRNA 0.110(5.5) 478 £ 38 16.9 16.6 18.7 0.050 (2.5)
41S nRNA 0.079 (5.9) 353+£28 17.8 20.1 26.0 0.033(2.5) 0.014 (1.0)
45S nRNA 0.054 (5.4) 356%1.5 20.3 224 21.6 0.026 (2.6) 0.010(1.0)

@ Fractions eluted from DEAE-Sephadex A-25 (e.g., Figure 3a) were pooled and the radioactivity in each peak is expressed as a percentage
of the total radioactivity applied to the column. The terminal compositions of each RNA, determined by further electrophoresis on Whatman
3MM paper (e.g., Figure 3b), are expressed as percentages of the total mononucleoside diphosphate content in peak 3. The values are averages
for three to six determinations + SE for the principal mononucleoside diphosphate of each RNA. The molar yield of each peak, indicated in
parentheses, is expressed as the total number of phosphate residues in each peak assuming chain lengths of 1900, 3900, 5000, 7500, and 10 000
for 18S, 288, 328, 418, and 458 RNA, respectively (Grierson et al., 1970; Choi et al., 1975). Values for 5.8S rRNA were determined earlier

(Nazar et al., 1975b).

band with at least two components. When aliquots of the pu-
rified RNAs were rerun on analytical gels (Figure 2b), they
were found to be virtually undegraded? and free from all other
RNA species.

When RNA hydrolysates were analyzed by chromatography
on DEAE-Sephadex A-25 as many as five peaks were ob-
served. The 18S hydrolysate contained three major peaks
(Figure 3a) with —2, —3, and —4 charges, respectively. Further
analysis by electrophoresis-at pH 3.5 indicated that the first
peak contained only mononucleotides, the second contained
2/-O-methylated dinucleotides which are resistant to alkalinc
hydrolysis and the third contained 5’-terminal mononucleoside
diphosphates. As shown in Figure 3b, this terminus is hetero-
geneous; approximately 70% of the molecules have pUp at their
5" end (Table I), while the others began with either pCp, pAp,
or pGp. rRNA (188S) from either whole cell RNA or the 40S
subunit had essentially identical terminal compositions.

Both 28S and 32S RNA hydrolysates contained four major
components after chromatography at neutral pH with —2, =3,
—4, and —5 charges, respectively. Further analysis by elec-
trophoresis at pH 3.5 again indicated that the first two peaks
contained mononucleotides and alkali stable dinucleotides,
respectively. Peak 3 contained 5'-terminal mononucleoside
diphosphates (Table I) and a 2’-O-methylated trinucleotide
(Um-Gm-Up) which has previously been described (Nazar
and Busch, 1974). The termini of both molecules were also
heterogeneous but very similar; pCp was the major 5" end,
beginning approximately 50% of the molecules but others
contained pAp, pGp, or pUp. The fourth peak contained an
alkali stable tetranucleotide, Am-Gm-Cm-Ap, which has
previously been described in 28S rRNA (Nazar and Busch,
1974).

Both 41S and 45S RNA hydrolysates also contained four
major peaks which corresponded to those found in 28S and 32S
RNA and an additional minor peak (fractions 95-103) with
a net charge of —6 (Figure 4a). As found with other RNAs,
the first two peaks contained mononucleotides and alkali stable
dinucleotides. As shown in Figure 4b, the third peak also
contained 5’-terminal mononucleoside diphosphates (Table
I) and a 2’-O-methylated trinucleotide, Um-Gm-Up (Nazar
and Busch, 1974). The terminal compositions were very het-
erogeneous, similar to each other, but distinct from those found
in 188, 28S, or 32S RNA (Table I). In some instances pAp ran

2 When the autoradiographs were scanned, 88-92% of the radioactivity
was found in the major bands shown in Figure 2b.
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FIGURE 4: Patterns of separation for alkaline hydrolysates of 32P-labeled
Novikoff hepatoma ribosomal precursors. (a) Fractionation of 45S nRNA
hydrolysate by DEAE-column chromatography at neutral pH. The cpm
scale is increased 250X beginning at fraction 30. (b) Fractionation (peak
3, Figure 3a) by electrophoresis on Whatman 3MM paper at pH 3.5. The
positions of the xylene cyanol FF dye marker and origin are identified in
the margin.

as two spots (Figure 4b); further complete and partial digestion
with alkaline phosphatase confirmed that this was adenosine
diphosphate and indicated that the two spots probably repre-
sent 2" and 3 isomers. This behavior has previously been ob-
served with oligonucleotides terminating in Ap (Nazar and
Busch, 1974). As in 28S and 32S RNA, the fourth peaks
contained the alkali stable tetranucleotide, Am-Gm-Cm-Ap
(Table I). The —6 charge of peak 5 was consistent with a ter-
minal tetraphosphate of the type pppXp which would be ex-
pected if 458 nRNA is the initial ribosomal gene product. An
almost complete conversion to inorganic phosphate after al-
1977 3217
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TABLE 11: Isotope Distribution in Products of Alkaline Hydrolysis
of 32P-Labeled Novikoff Hepatoma 45S RNA Fractions.?

45S fraction “Slow™ “Fast”
Peak 3 (pXp + Um-Gm-Up) 0.056 0.060
Terminal composition: pCp 353 38.5
pAp 220 242
pGp 223 18.8
pUp 20.2 18.5
Peak 4 (Am-Gm-Cm-Ap) 0.022 0.024
Peak 5 (pppXp) 0.009 0.008

9 The broad 45S RNA band (Figure 2a) was divided into two
fractions according to electrophoretic mobility and each fraction was
analyzed separately as described in Figure 4. The distribution of ra-
dioactivity was determined as a percentage of the total radioactivity
as described in Table 1.

kaline phosphatase digestion was also consistent with such a
structure. However, further analysis by paper electrophoresis
suggested that this component was also heterogeneous, and,
since the molar yield (Table 1) was very low (<0.1 mol for each
molecular species), this peak probably represents minor ter-
minal contaminants from nuclear heterogeneous RNA.

As shown in Figure 2a, 45S nRNA behaves as a heteroge-
neous band during gel electrophoresis with at least two com-
ponents. When separate analyses were carried out on the faster
and slower moving regions of the 45S band (Table 1), no
significant differences were observed in the terminal compo-
sitions or in the relative areas between the peaks. These data
are consistent with a recent report by Slack and Loening
{1974) that the heterogeneity in ribosomal 458 precursors on
gel electrophoresis is due to multiple conformations of the
molecules rather than actual differences in the primary se-
quences.

Discussion

The present study has shown that the 5" termini of Novikoff
ascites hepatoma high-molecular-weight ribosomal RNAs and
precursors are heterogeneous mononucleoside diphosphates.
Approximately 70% of the 18S rRNA molecules begin with
pUp; the remainder begin with pCp, pAp, or pGp. Similar
analyses were reported earlier by Lane and Tamaoki (1967)
for L-cell 18S rRNA and more recently the major 5’-terminal
sequence of mouse cell (LS178Y) 18S rRNA has been deter-
mined to be pU-A-C-C-U-Gp (Eladari and Galibert, 1975).
In this laboratory the same sequence has also been demon-
strated in the Novikoff hepatoma (R. G. Williams, unpub-
lished results). These results do not support the earlier report
by Egawa et al. (1971) that 18S rRNA from this hepatoma
begins with pGp.

The terminal composition was more heterogeneous in the
other RNAs. Both 28S and 32S RNA had very similar com-
positions. Almost half the molecules began with pCp; the re-
mainder contained pAp, pGp, or pUp in near equimolar
amounts, similar to that reported by Lane and Tamaoki (1967)
for L-cell 28S rRNA. In a recent study on the conservation of
5’-terminal sequences in ribosomal RNA, Sakuma et al. (1976)
reported that the principal terminus of 28S rRNA in a number
of high eukaryotes was pCp present in 49-78% of the RNA
molecules depending on the cell species. The most heteroge-
neous termini were found in 41S and 45S nRNA where the
principal terminus, pCp, was only present in one-third of the
molecules. In contrast, earlier studies by Choi and Busch
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(1970) on these same RN A molecules have suggested a com-
mon pCmpUp 5’ sequence, for 458, 32S, and 28S RNA, but
this was subsequently shown to be an alkali stable tetranu-
cleotide which originates internally in a pentanucleotide
fragment (Nazar and Busch, 1974).

The 45S nRNA is thought to be the initial ribosomal gene
transcript (see review by Grierson et al., 1970) and as such is
expected to contain a terminal 5'-triphosphate. The hetero-
geneous mononucleoside diphosphates found in this study are
not consistent with this generally accepted view. No other
mammalian 458 terminus has been reported; however, in
Xenopus laevis the 40S equivalent also begins with a mo-
nonucleoside diphosphate, pGp, rather than a terminal 5’-
triphosphate (Slack and Loening, 1974) which differs from
the mature ribosomal RNA species. Apparently some de-
phosphorylation or trimming process must occur before the
45S molecule is completely transcribed or shortly after. Al-
ternatively 45S RNA may be a stable intermediate in the
processing of a very labile polycistronic transcript (Hidvegi
et al,, 1971). It will be important to test these possibilities and
to amend the present processing scheme accordingly.

Despite the apparent high purity and homogeneity of the
analyzed RNA (Figure 2), the 5’ termini were markedly het-
erogeneous. After being heated in 50% formamide, it was un-
likely that low-molecular-weight contaminants were associated
with the RNA; in a previous study on the origin of 5.8S rRNA
(Nazar et al., 1975a), this strongly hydrogen-bonded compo-
nent was not detected in 28S rRNA which had been prepared
in the same way. Furthermore, since RN A, either rapidly ex-
tracted directly from whole cells or more indirectly from ri-
bosomal subunits, had the same characteristic terminal com-
positions, it is also unlikely that these heterogeneous termini
result from degradation during isolation. The 5.8S rRNA from
different mammalian species prepared by the same procedure
were previously found to differ in their degree of terminal he-
terogeneity; Novikoff hepatoma 5.8S rRNA, for example,
contained significant amounts of pCp and pGp, while HeLa
cell RNA contained only pCp (Nazar et al., 1976). Therefore,
the heterogeneity must arise from degradation in vivo or dif-
ferences in processing. Both the 5’ termini of 5.8S rRNA from
yeast (Rubin, 1974) and the Novikoff hepatoma (Nazar et al.,
1975b) have previously been shown to contain heterogeneous
5’ termini which result from differences in chain length of the
RNA molecules. In the Novikoff hepatoma, for example, about
half the molecules begin with pG while many of the others
contain an additional pC residue at the 5" end. The nature of
the heterogeneity in the high-molecular-weight RNAs is un-
clear but it is attractive to postulate similar differences in chain
length until further sequence analyses are completed.

Since the termini were reproducible and characteristic for
each RNA molecule, they may be useful markers in consid-
ering the topographical arrangement of ribosomal sequences
within the precursor molecules. Mature 5.8S and 28S rRNA
are directly derived from 32S nRNA (Pene et al., 1968; Maden
and Robertson, 1974; Nazar et al., 1975a). Previously, Novi-
koff hepatoma 5.8S rRNA was shown to contain two major
5’ termini, pCp and pGp, in near equimolar amounts (Nazar
etal., 1975b). In the present study 32S nRNA and 28S rRNA
had a very similar terminal composition, 47% pCp, 17% pAp,
17% pGp, and 19% pUp, quite different from 5.8S rRNA.
Assuming that this similarity is not fortuitous due, for example,
to a common cleavage specificity in 32S and 28S RNA pro-
duction, these termini suggest that 32S nRNA contains the
28S sequence at its 5’ end and, therefore, the 5.8S sequence is
closer to the 3/ end. Two different models may be proposed
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With a single nonconserved region, a minimum of two cleavage
steps would be required for maturation; with two nonconserved
regions, at least three steps would be involved. Recently, low-
molecular-weight precursors have been reported for yeast 5.8S
rRNA (Helser and McLaughlin, 1975; Trapman et al., 1975)
and, if these exist in mammalian cells, a more complex scheme
may have to be evolved.

In contrast to the present models, hybridization studies in
Xenopus laevis (Speirs and Birnstiel, 1974) indicate that the
5.8S RNA sequence is proximal to the 5’ end of the 328 pre-
cursor molecule. These studies suggest that the common ter-
minal composition of 28 and 32S RNA is coincidental. Fur-
thermore, analyses of the secondary structure of ribosomal
precursors indicate that a nonconserved sequence is present
at the 5’ end of 45S nRNA and that this is lost during pro-
cessing to form the 41S nRNA intermediate (Wellauer and
Dawid, 1973; Dawid and Wellauer, 1976). The similarity in
the terminal composition of 45S and 41S nRNA may, there-
fore, also be coincidental. Such an interpretation would suggest
that the processing of ribosomal precursors is sequence specific
and that the sequences which specify cleavage points in the
formation of 32S and 28S RNA or 45S and 41S RNA are very
similar. Extensive studies on the 5’-terminal sequences of these
molecules will be required to test these alternatives. Never-
theless, the present data unequivocally show that none of the
ribosomal sequences are located at the 5’ end of the 455 or 418
nRNA precursors, and that the 5.8S rRNA sequence is located
internally in its 32S nRNA precursor.
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