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ABSTRACT

Escherichia coli cells lacking the ribosomal RNA processing enzyme
RNase ITI do not excise the normal RNA precursors pl6a (17S) and p23a from
nascent rRNA transcripts. These cells produce, instead, slightly larger
pl6b and p23b precursors. Digestion of pl6b or p23b rRNA with RNases A
plus T1 yields double-stranded fragments composed of sequences located at
both the 5' and the 3' end regions of the molecules. The terminal duplex,
or stem, of pl6b contains sequences surrounding the site of RNase III
processing which in wild-type cells produces pl6a rRNA: the p23b stem
likewise contains an intact RNase III cleavage site. The results confirm
our earlier prediction for the structure of rRNA transcripts, and also
yield a definite secondary structure for the plé stem, which was not
uniquely determined by the corresponding DNA sequence. These experiments
demonstrate the absence of significant RNase III processing activity in
rnc-105 strains of E. coli, and implicate the participation of another
endonuclease(s) in rRNA processing in mutant and wild-type cells.

INTRODUCTION

Studies on ribosomal RNA maturation in Escherichia coli have shown
that in wild-type cells, the immediate precursors to 16S (m16) and to 23S
(m23) rRNAs are pl6a (17S) and p23a species generated by ribonuclease 111
cleavage of nascent rRNA transcripts (1,2-4). We originally proposed
(4,5) that RNase III cleavage of nascent rRNA transcripts occurred in or
near "stems", double-stranded regions formed by annealing of complementary
sequences flanking 16S or 23S transcripts and thus separated by 1540 bases
(6) or by 2904 bases (7). This hypothesis for the 16S rRNA was later
confirmed by direct sequence analysis of ribosomal RNA genes (8). Since
pl6b and p23b of RNase III- cells appeared slightly larger than their
wild-type counterparts pl6éa and p23a (Ref. 4 and unpublished
observations), we suggested that these species might arise in RNase III-
cells by nonspecific nucleolytic removal of single-stranded regions from
larger p16 or p23-containing transcripts produced by enzymes other than
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RNase III (e.g., RNases E,P, and another activity: see Refs. 9,10). In
this model, pl6b and p23b should contain the entire terminal duplex of
pl6a or p23a as well as contiguous regions derived from the portions of
the primary transcript normally separated from pl6a or p23a by RNase III.

To test this model, we examined the rRNA precursors pl6b and p23b of
RNase III- cells by RNase T1 fingerprinting and by analysis of isolated
double-stranded structures. Our results indicate that pl16b and p23b rRNA
isolated from RNase III- cells contain additional sequences at both
termini as compared to wild-type pl6a and p23a and that most of these
extra sequences are found in a base-paired stem which contains, and
extends beyond, the site of RNase III cleavage which produces wild-type
precursor pl6a and p23a rRNAs. These data support our model for RNA
processing in RNase II[- cells, and confirm the prediction (4,5,7) that
the regions of rRNA transcripts surrounding 16S and 23S RNA will amneal to
form duplex recognition sites for RNase III.

MATERIALS AND METHODS
Preparation of rRNA precursors )

Ribosomal RNA precursors from strain N2076 (rnc*) or N2077 (rnc-105)
(Ref. 11) were prepared essentially as previously described (9). At a
density of about 4 x 108 cells/ml, cultures {10 ml) were filtered and
resuspended in 10 ml tris-glucose medium containing 0.1% peptone (4).
After incubation for 10 min at 30°C, chloramphenicol was added to 400ug/ml
(to prevent maturation of pl6 and p23 rRNA), followed 3-5 min later by
neutralized H§2904 to 1 mCi/ml. Cells were labeled for 60 min and
chased for an additional 30 min by the addition of unlabeled phosphate (pH
7.0) to 20 mM. Cells were harvested, lysed, and phenol-extracted as
described previously (9), with the addition of 0.2 M NaCl to the lysis
buffer. RNAs were separated by gel -electrophoresis, eluted (using
purified RNase-free glycogen, obtained from J. Perrault, as carrier for
ethanol precipitation), and purified by methylated albumin-kieselguhr
(MAK) column chromatography according to Gegenheimer and Apirion (9).
RMAs destined for fingerprint analysis were precipitated with purified
carrier yeast RNA after the MAK column: otherwise, carrier glycogen was
used.

Isolation of double-stranded stems

Double-stranded RNA was isolated by a modification (J. Perrault,

personal communication) of the procedure of Perrault and Leavitt (12),
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which relies on the absolute resistance of fully base-paired RNA, and the
lability of non-base-paired RNA, to the action of RNases A and T1 in 0.6 M
NaC1 (J. Perrault, personal communication: Ref. 13). Ribosomal RNA
precursors, pl6b and p23b from strain N2077, containing 2x107 - 2x108
cts/min, and a total of 100 to 250 ug RNA, were digested in sterile 1.5 mil
polypropylene microcentrifuge tubes for 15 min at 37°C with 4 U/m1 RNase
T1 (Calbiochem.) plus 7.5 ug/ml RNase A (Sigma) in 100 ul of 10 mM
Tris-HC1/1 mM Na,epTA/0.6 M NaCl (pH 7.5). (The digestion conditions
were chosen to give a uniform size distribution of stems. At higher
enzyme concentrations the distribution was shifted to the smaller
products.) Sodium dodecyl sulfate was then added to 1% (w/v), Proteinase
K to 1 mg/ml, and the mixture was held at 55°C for 15 min. The digest was
extracted twice with an equal volume of redistilled phenol (containing
0.1% 8-quinolinol and saturated with 10 mM Tris-HC1, pH 8.0) and the
aqueous phase precipitated with 5 ug carrier RNA and 2.5 vol 95% ethanol.
The resultant pellet was resuspended in gel buffer (22.5 mM Tris-borate,
0.6 mM NajepTA, pH 8.3) containing 0.1 M NaCl, heated 30 sec at 50°C to
disrupt RNA aggregates, and diluted with an equal volume of glycerol-EDTA-:
marker dye mix (9). RNAs were fractionated by electrophoresis on 1.5 mm
thick polyacrylamide gel slabs (17 cm 1long) containing 20% acrylamide
(acrylamide: bisacrylamide, 19:1), 45 mM tris-borate-EDTA gel buffer, 0.1%
N,N,N' ,N'-tetramethylethylenediamine, and 0.05% ammonium persulfate. Gels
were pre-run for 2 hr at 200V: samples were applied and run 0.5 hr at 200
V followed by 7.5 hr at 500V. Autoradiography and elution of bands have
been described (9). RNAs were twice re-precipitated from 0.2 M Na-acetate,
pH 5.5, washed twice with 70% ethanol, once with 95% ethanol, and finally
vacuum dessicated.
O0ligonucleotide analysis

Fingerprint analysis of RNAs was performed by the method of Volckaert,
Min Jou and Fiers (14) as applied by Gegenheimer and Apirion (9).
Electrophoresis in the first dimension was run about 75 min at 2.25 kV for
rRNAs, or 50 min for smaller RNAs: homochromatography on polyethyleneimine
(PET)-cellulose plates in the second dimension was accomplished with
"homomix C5" (hydrolysed 5 min) for 1large rRNAs or “homomix C10"
(hydrolysed 10 min) for small RNAs. Working homomix solution was filtered
after each use and replenished by replacing 20% of its volume with fresh
homomix.

Oligonucleotides were eluted as described by Volckaert et al. (14):
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eluates were dried at 43°C onto a sheet of Parafilm and washed with
water. The oligonucleotides were digested in 5 ul of RNase A (0.5 mg/ml
in 10 mM Tris-HC1, 1 mM NayepTA, pH 7.5) in sealed capillary tubes for 6
hr at 37°C: the digests were analysed by the high resolution
two-dimensional PEI thin-layer chromatography of Volckaert and Fiers
{15). RNase T2 digestion of T1 oligonucleotides, or of RNase A
redigestion products, was in 5 ul of 0.05 M Na-acetate (pH 4.5) containing
200 U/ml RNase T2 and 50 ug/ml RNase A, followed by two-dimensional
chromatography by the method of Nishimura (16). The identity of pAp or
pUp was determined by its position (16). The identity of RNase A products
terminating in 2':3' cyclic GMP was determined by RNase T2 digestion and
PEI chromatography as above.

Autoradiographic technique and quantitation were as described (9).
The molar yield of an RNase T1 oligonucleotide in a fingerprint was
determined by quantitation of the intact oligonucleotide, or of its RNase
A redigestion products, after subtraction of an appropriate background.
The molar yield of each oligonucleotide can be expressed as [average
cts/min/nucleotide (or Gp)1/Taverage cts/min/nucleotide (or Gp) of a
unique-sequence oligonucleotidel.
Assignment of RNA sequences

The quantitative composition of each RNase T1 oligonucleotide,
ascertained by RNase A redigestion, was compared with previously determined

DNA sequences surrounding 16S or 23S rRNA genes on several different rRNA

operons. Every RNase T1 oligonucleotide of pl16b or p23b stems could be
unambiguously assigned to a unique position on the DNA sequences of one or
more rRNA operons (except a very few as otherwise noted in the Tables):
the quantitative yield of RNase A redigestion products was in exact
agreement with those predicted by the DNA sequence. The genetic
nomenclature of the rrn (rRNA) operons is described in Ref. 17. The rRNAs
and references for DNA sequences of the operons examined are as follows:
pl16 (5' side only) - rrnA, Ref. 18: p16 (5' and 3' sides) - rrn 8, C.
Squires and C. Squires (personal communication): rrn D, Ref. 8: rrnE,
Refs. 17,18: rrnX, Ref. 8. For p23 (5' and 3' sides) - rrnD and X, Refs.
19 and 20: for p23 (5' side only) - rrnE, Ref. 17.

RESULTS
Extra Terminal Sequences of p16b and p23b rRNAs
Sequence differences between rRNA precursors of wild-type and of RNase
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ITI- cells were first examined by comparison of the RNase TI
fingerprints of each pair of RNAs. Figure 1 shows that pl6b RNA is
identical to pl6a except for the presence of two major extra
oligonucleotides, J' and J", not found in pl6a [panel (a) vs (b)] and the
absence of two oligonucleotides which migrate in the positions expected
for the 5' and 3' ends of pl6a (not shown). The compositions of these
extra oligonucleotides, determined by RNase A and T2 digestion, are given
in Table 1. The 5' terminus of pl6b consists of equal amounts of
oligonucleotides J', pUUUAUCAGp, and J", pAUUUAUCAGp, rather than pUG as
in wild-type pl6a rRNA. These two oligonucleotides represent the 3'
terminal portion of oligonucleotide J (CUCUUUAACAAUUUAUCAGp) found in the
18S RNA species of RNase III- cells (21). A new unique 3' terminus for

FIGURE 1. RNase T1
fingerprints of pl16b
and pl6a rRNA.
32p_Tabeled_rRNAs
(1.5-3 x 107 cpm)
were fingerprinted
as described in the
Methods; an
autoradiogram is
shown here.
Designation of
oligonucleotides is
according to the
text; letters
indicate
oligonucleotides
found in p16 rRNAs,
and numbers, those
also found in mature
16S rRNA. Unmarked
arrows in panel (a)
point out

oligo nucleotides A
through H as in
panel (b):
0ligonucleotides J'
and J" of pl6b are
not detectable in
pl6a.
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Table 1. Composition of Precursor-Specific Oligonucleotides of p16b rRNA

0ligo No.Composition Origin Mole Yield
A (C,U7,AAU)Gp pl6a 0.5 - 0.7
B (C,U4_5)Gp pl6a 0.6 - 0.9
c (C,UG,AAAC,AAAU)Gp pl6a 0.34 - 0.5
D !Cz,Ui,AU,AAAC,AAAU\Gp pl6a 0.34 - 0.5
E (C,U3,AC,AU,AAU)Gp pl6a 0.46 - 0.67
F (CS,UG,ACZ,AU)AAAGp pl6a 0.8 - 1.0
G (C,U3,AU,AAC\Gp pl6a 1.0
H AAAAAUGD pl6a 1.0
J' pAU(C,U2_3,AU)AG p16b: pAUUUAUCAGP 0.34 - 0.5
J" pU(C,U2_3,AU¥AG p16b: pUUUAUCAGp 0.34 - 0.5

The compositions of RNase T1 oligonucleotides. designated as in Fig. 1,
were determined by redigestion with RNases A and T2. O0Oligonucleotide
compositions match sequences of the rrnD operon, except oligonucleotide B
from rrnE, oligonucleotide C from rrnA, and oligonucleotide H from rrnB.
Sources for these sequences are listed in the Methods. The molar yieTd of
each oligonucleotide was calculated relative to several unique
oligonucleotides of m16 rRNA; the range of several determinations is given.

p16b was not located.

Similarly, Figure 2 indicates that p23b (Fig. 2(a)) contains one major
T1-generated oligonucleotide, X, not found in p23a rRNA (Fig. 2(b)).
Table 2 lists the compositions of several oligonucleotides of p23b (and of
p23a) including some which could not be located in the catalogue of
sequences reported for m23 rRNA (22). The novel oligonucleotide of p23b
is present in about 0.3 mole yield, and corresponds to the sequence
UCUCUCAAAUUUUCGp which can be located between 33 and 47 bases prior to the
5' side of m23 rRNA in the rrnD and X operons (19), and between 42 and 56
bases proximal to m23 in rrnE (17).

Isolation of double-stranded stems

Since only large, unique oligonucleotides can be detected by
fingerprint analysis of total pl16b and p23b rRNAs after digestion with
RNase T1, this analysis could yield only very general data about the
extent of extra sequences not present in the corresponding wild-type
molecules. To obtain detailed information on the extent of such extra
sequences, we attempted to isolate them directly. We previously proposed
that in nascent rRNA transcripts the precursor-specific regions flanking
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FIGURE 2. RNase T1
fingerprints of p23b
and p23a rRNAs.
32p_1abeled_rRNAs
(1.5-3 x 107 cpm)
were fingerprinted
according to the
Methods.
0ligonucleotides X,
a, and b of p23b
rRNA are not
detectable in p23a
rRNA.
0ligonucleotides 1,
2 and 3 are common
to both molecules
(oligonucleotide 3
of p23a is typically
more prominent than
in this fingerprint

(panel (b)). AN
the other
(b) 1- L1843 p23a l oligonucleotides

2 Qpalain are also found in
3-» Dlanano mature 235 rRNA.

p16 and p23 rRNA are hydrogen-bonded in duplex stems from which mature
rRNAs loop out (4,5). Accordingly, we attempted to isolate such stems by
digestion of pl16b or p23b rRNA with RNases T1 and A in buffer containing
0.6 M NaCl. The purified products were fractionated by electrophoresis on
a 20% polyacrylamide gel, an autoradiogram of which is shown in Figure 3,
where it can be seen that each RNA gives rise to several RNase-resistant
products. Those products subsequently shown to contain precursor-specific
sequences are numbered in order of decreasing size. Other products — the
smallest band in each lane — were also examined but were found not to
contain any precursor-specific sequences.

Each p16b product was fingerprinted; fingerprints of bands I through
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Table 2. Composition of Oligonucleotides of p23b rRNA

0ligo No. Composition Origin Mole Yield
18/t3 (C3,U4,ACo, AAU, AAAL)G m23 0.9
13/t2 (C,U3,AC3,AU2,AAC)G m23 0.9
13/t25  (C3,up,ACH,AAC)G m23 0.8
13/t26  (Cg u,AC,AU)AAG m23 0.8
18/t1 (Cy,3_4,AU,AAU)G m23 1.3
2 (C1_,Ug,AC, AU _p,AMAAAC)AG (p23a,b) 0.6
3a CZ,U-,,AC,AU]_Z,AAU,”A4U"b,G.AG (p23a,b) 0.3
(Cy,u3,AU»)6G (p23b) 0.15

(C4_5,Uq, ANAU)G p23b: UCUCUCAAAUUUUCG 0.2 - 0.4

Oligonucleotides from p23b rRNA fingerprints, numbered as in Fig. 2,
were further digested with RNase A. Oligonucleotides whose composition
corresponded with previously sequenced oligonucleotides of m23 rRNA (22)
are so indicated: their numerical designation indicates whether they arose
from the 185 or the 13S fragment of 23S, as well as the oligonucleotide
number assigned by Branlant and Ebel (22). The sequence of oligonucleotide
X is from rrnD: other oligonucleotides of p23 (2,3, and a:; as well as
oligonucleotide 1 in Fig. 2) could not be assigned to DNA sequences of the

rrnD, E, or X operons.

a8 contains two different oligonucleotides.
b mapy" probably contains a modified base.

IV are shown in Figure 4. The sequence of each oligonucleotide (inferred
from its composition) and its molar yield are given in Table 3. All the
oligonucleotides of bands 1 to IVb are compatible with known DNA
sequences. From the structure presented in Figure 5, it can be seen that
the five bands in fact comprise a nested set of stems, all of which start
in the same position ("I-IV" at the bottom of Figure 5), but that each
successive species contains extra sequences located closer to mature 16S
RNA. Stem I 1is 39 base pairs in length: stems II, III, and IV can be
derived from stem I by cleavage at mismatched or unpaired bases in the
duplex stalk. Stem IVb is almost identical to stem IV: its fingerprint
(not shown) also contains three oligonucleotides (numbers 3,7, and 19 in
Table 3) which are probably not part of the stem per se. The principal
site at which RNase IIT cleaves 30S rRNA transcripts to give pl6a rRNA
has been determined (see 2,23). All five stems contain 13 extra bases
preceding the 5' terminus of pl6a rRNA, and 11 extra bases following its
3' terminus.
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FIGURE 3. Isolation of
plbb p23b double-stranded stems.

P 32p_1abeled p16b rRNA (90ug,
7.6x107 cts/min) or p23b rRNA
(250ug, 2.3x107 cts/min) were
digested with RNases A plus T1
as described in the Methods.

The RNase-resistant material was
separated by electrophoresis on
a 20% polyacrylamide gel, an
autoradiogram of which is shown
here. Roman numerals denote RNA
species whose sequences were
found to correspond to the
termini of p16b or p23b,
respectively. Band a in each
lane was found not to contain
these sequences. XC marks the
position of the xylene cyanol

FF marker dye.

The extent of each stem of pléb was determined by aligning its
constituent oligonucleotides, listed in Table 3, according to known DNA
sequences (see Methods). We locate the base of stems I through IVb at
positions -127 and 44' in Figure 5, because all stems contain AUCAGp
rather than the 5' end of pl6b, p(A)UUUAUCAGp (positions -131 to -123),
and have AUp instead of the AUGp at positions 43' to 45'. The top of stem
I is placed at nucleotides -88 and 5' since this species includes AUUCUUp
instead of AUUCUWUAACGp, positions -93 to -84, and has AAAGp rather than
—-CCUUAAAGp at positions 1' to 8'. Similar reasoning yielded the
assignments of cleavages which generate stems II, III, and IV. The
termini of stem IVb differ from those of stem IV only in the substitution
of CACp for CACUp (-108 to -105), as indicated in Figure 5.

Double-stranded stems of p23b rRNA were analysed similarly to those of
pl6b. Fingerprints of stems I and II are shown in Figure 6, and
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FIGRE 4. RNase T1 fingerprints of duplex stems from pl16b rRNA. Stems I
through IV correspond to bands I through IV in Fig. 3. An exclamation
point indicates that the oligonucleotide terminates with cyclic Gp (e.g.
16! represents 16 with cyclic Gp). Oligonucleotides not numbered were
also analysed but were present in Jlow amounts and did not contain
sequenes from the terminal regions of pléb rRNA. The spots near
oligonucleotides 5 and 10b, in panels (c) and (d), bhave compositions
similar to 5 and 10b. Oligonucleotide 2 is present in all fingerprints
but did not reproduce well in (b)

compositional analysis is given in Table 4. The structure of these stems
is shown in Figure 7; again, it is apparent that stem Il is a subset of I.
Stem I is 27 base pairs long, and includes 8 bases of the 5' end and 10
bases of the 3' end of mature m23 rRNA. The site at which RNase IIl
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Table 3. Sequences and Molar Yields of Oligonucleotides from p16b Stems

Stem
01igo Deduced
ce. 1 Il I v Ivb

1 79 (3 1.9 (2) 1.4 (2) 1.6 (2) 2.4 (2)
2 A 1.3 (1) 1.2 (1) 1.8 (1.5) 1.2 (1) 0.5 (0)
3 6 1.5 (1) 1.2 (1) --2(0) 0.3 (0) 1.0 (0)b
4 A6 0.4 (0) 0.2 (0) 0.2 (0) 0.9 (1) 0.5 (1)
5 UG 2.6 (3) 3.1(3) 2.8 (3) 2.8 (3) 3.0(3)
7 MG 2.1(2) 1.4 (1) 1.3(1)  0.1(0) 0.8 (0)
6 CAG (rrnD,E,X) 1.0 0.7 0.5 0.3 0.2

8 uAg (rrnB) S 0.2 M o6 03 02 @ 0.4©@
9 AMG 0.7 (1) --(0) --(0) -- (0) --(0)
102 UCUG 0.9 (1) 1.0 (1) 0.8 (1) 0.8 (1) 0.6 (1)
106 AWG L1(1) 1.2(1) 1.0(1)  1.1(1) 0.9 (1)
11 AuuCcw 1.2 (1) 0.2 (0) --(0) --(0) --(0)
122 AUACG 1.201) 0.7 (1) --(0)  --(0) --(0)
12b  AUCAG 1.1(1) 0.7 (1) 1.1 (1) 1.0 (1) 0.8(1)
13 CACUCG 1.1(1) 1.0 1.2(1)  --(0) 0.2 (0)
14 UACUUUG (rmB,D,X)) 0.8 0.4 - -- --

15 uucuuue (rng)  J€ 0.3 M 54 M g6 Lo @
14b ACUWG (rrnB,D,X)y  -- 0.2 0.3 -- --
15 UCUNE (rra) }c @ e Tm T @ o
16 ACAAUCUG ) 1) v T v
17 CUCACACAG T 1 () 1 T MmoaoMm
18 CAQU --(0) --(0) ~-- (0) 0.5 (1) 0.2 (0)
19 (U,0)6 - (0) --(0) --(0) 0.2(0) 1.1 (00
20a+b  CAC - (0) --(0) --(0) -- (0) 0.6 (1)
Distributione: 0.28 0.1 0.32 0.23  0.06

For each oligonucleotide from RNase T1 fingerprints of pl6b stems I
through IVb, numbered as in Fig. 4, oligonucleotide composition and
sequence assignment were performed according to the Methods. In each
sequence, RNase A redigestion products greater than one base long are
underlined. The molar yield of each oligonucleotide is expressed relative
to oligonucleotides 16 and 17, and is followed in parentheses by the yield
expected from the structure of Fig. 5.

less than 0.1 mole

probably derived from Stem III

oligonucleotides occupying the same position but differing by a single
base change in the two groups of rRNA operons indicated. UACUUUG is
p16 precursor-specific oligonucleotide B', and UUCUUUG is B (see Text)
d the value assigned to 15 (UUCUUUG) probably represents 15b (UCUUUG)

€ amount of each stem as a fraction of the total (adjusted for
differences in size), calculated from the average cts/min of Gp from
unitary oligonucleotides of each stem

Ooco
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FIGURE 5. Sequence and secondary structure of stems isolated
from pl6b rRNA. RNase-resistant oligonucleotides (from Table 3) are
arranged according to the DNA sequences of the rrnD and X operons (8); the
homologous sequence in rrnE (right) is from Ref. 18. Arrows indicate the
extent of the isolated stems I through IVb (Figure 3): they are placed as
described in the text. To facilitate reference to the text and to Table
3, the terminal G of each T1 oligonucleotide 1is in bold face, and
nucleotide positions prior to the 5' end of ml6 (negative numbers) and
past the 3' end (primed numbers) are numbered. The solid bars indicate
the termini of mature 16S rRNA. Location of the RNase III cleavage site
ind3OS rRNA, between positions -114 and -115 and 33'/34', is from Refs. 2
and 23.

*, C is replaced by U in rrnB (C. Squires and C. Squires, personal

communication):# , the sequence of rrnB and E begins to diverge from that
shown here.
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FIGURE 6. RNase T1 fingerprints of duplex stems from p23b rRNA. Stem I

is band I of Figure 3, and Stem II is band 1II. Details as in
Figure 4.

cleavage produces p23a rRNA (20) 1is contained within this stem, which
extends 10 bases past the 3' side, and 12 bases before the 5' side of the
RNase III cleavage site (see Figure 7).

The base of stem I can be located at positions -19 and 18' since this
species contains AAACAUCUUCG (-19 to -9) and, although lacking UUUUG(16'
to 20'), has close to 3 moles of Up, which probably correspond to UUUp
(16" to 18': see Table 4 and Fig. 7). The Gp at -20 was excluded since
stem I contains only 4-4.5 G's, rather than 5-5.5 (Table 4). The top of
stems I and Il are placed at +8 and -10', within mature m23 rRNA, in
accord with the oligonucleotide content and Gp yield of the stems. Since
we estimate that half the sequences at 13' to 15' are CUG, and half GUG,
cleavage between positions 13' and 14' would result in the loss of 0.5
mole CUG and 0.5 mole UG, as observed in Table 4.

DISCUSSION

The immediate precursors to 16S and to 23S rRNAs, when isolated from
an RNase III- strain of E. coli, contain extra sequences not found in
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Table 4. Sequences and Molar Yields of Oligonucleotides from p23b Stems

. Deduced Stem

01ligo No. Sequence I 1
1 G 3.8 (4.5) 4.7 (4.5)
2 6 1.3 (0) 1.4 (0)
3 AG 1.0 (1) 1.4 (1)
4 V6 1.5 (1.5) 1.2 (1)
5 cCc6 1.0 (1) 2.1 (1)
6 MG 0.9 (1) 1.0 (1)
7 (cus)? 0.6 (0.5) --b (0)
8 G 1.0 (1) 1.4 (1)
9 WAAG 1.1 (1) 0.8 (1)
10 ARACAUCUUCG 1 (N -- (0)
10b AUCUUCG -- (0) 0.8 (1)
n CUUAACCUUACAACG 1.0 (1) 1.1 (1)
12a+b uc 2.3 (3) -- (0)
13 AC -- 1.6 (0)
14 MC -- 2.1 (0)
-- c n.d.d ) n.d. (2)

Distribution€: 0.74 0.26

The sequence and yield of each oligonucleotide of p23b stems I and II,
designated according to the fingerprints in Fig. 6, were determined as
described in the Methods. RNase A redigestion products of length greater
than one are underlined. Molar yields were determined relative to the
yield of oligonucleotide 10; the value in parentheses is the yield
expected fram Fig. 7. Because GUG and CUG are proposed to occur at the
same position in approximately equal amounts (see Fig. 7), the calculated
yields include 0.5 mole each of G, UG, and CUG.

2 proposed (see text and Fig. 7)

b ess than 0.1 mole

€ 12a and 12b contain different amounts of Up; may represent UUUp and UUp
d not detected

€ amount of each stem as a fraction of the total (as in Table 3)

the corresponding wild-type precursors. Most of these sequences are
located within a terminal duplex region formed by the annealing of
complementary sequences located at either end of the precursor molecule
and separated by 1540 or by 2904 nucleotides. The double-stranded stem of
p16b rRNA contains the intact sequence within which RNase III cleaves
nascent rRNA transcripts to produce pl6a rRNA: the p23b stem similarly
contains an intact RNase III processing site.

Sequence heterogeneity of rRNA transcripts

The pl6b rRNA population includes transcripts representative of at
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--- 235 -

\\ V4

FIGURE 7. Sequence and
secondary structure of
stems isolated from p23b
rRNA. RNase-resistant
oligonucleotides from Table
4 are aligned according to
the sequence of rrnD and X
(19,20). The terminal
sequences of mature 23S

c
LI-7g G\STEMI I (m23) rRNA (Refs. 22,24)
A u are enclosed within solid
AU lines. The site of RNase
u A IIT cleavage is between
U A 4 positions -7/-8 and 8'/9'
G ¢C m23 (20). Other details are
G ¢ as in the legend to Figure
A-AL U 5. Oligonucleotide X of
G L. p23b (see text and Table
g é" p23 2) is located 12 bases to
U A * the left of the sequences
U A shown here,(at pos;tions42
-33 to -47 (rrnD,X) or -
RNAase T =—=> g gG to -56 (rrnEY, and hence
G ¢ <= RNAagse IIl is not shown in this
-0 G figure.
U A< 0 *, preced1ng sequence in
u A rrnE is divergent through
3 g(c)# this position.# , posi-
tion of proposed sequence
I—* U= STEMI heterogeneity (see text
¢ ¢ and Table 4); A is found
A here in rrnX but was not
A U detected in our stems I
I_>G U < STEMI or II.
(5)-- 4 G--- (3)

-

least four ribosomal
available.
and its homologue B' (see Table 3).

RNA operons for which sequence
In the isolated pléb stems we detect both oligonucleotide B
Oligonucleotide B corresponds to the

information is

rrnE operon: oligonucleotide B' can be transcribed from the rrnB, D, and X
operons. We also detected in pl6a and p16b the homologous oligonucleotides
C, transcribed from rrnA, and D, from rrnB, D, E, and X. Oligonucleotides
A.E, and F, furthermore, are present in yields suggestive of their presence
in only 3 to 5 of the 7 rRNA operons.

Similar heterogeneity exists in p23b transcripts. Oligonucleotide X
could be present in up to four transcription units, including rrnD, E, and
X (17,19). The other p23b oligonucleotides (not found in m23) listed in

Table 4 are also present in much less than a molar yield, suggesting that
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there might be considerable sequence heterogeneity in the precursor
portions of p23b genes. It is noteworthy, however, that the sequences
involved in base-pairing are largely conserved (see Fig. 7).
Secondary structure of stems

Since RNases A and T1 attack only nucleotide residues which are not
base-paired in 0.6 M NaCl, the secondary structure of pl16b and p23b stems
can be deduced from the locations at which they are cleaved. As drawn in
Fig. 5, the secondary structure of the pl6b stem is such that all the
cleavages we detect occur at sites where a single unpaired base "bulges"
out (top of stems I, III, IV) or at a mismatch (top of stem II: bottom of
all stems). This secondary structure is similar to that proposed by Young

and Steitz (8), except for the region between the end of stems I and II at
the 5' side of 16S. The structures proposed by Dahlberg et al. (25) and
by Sekiya and Nishimura (26) differ considerably from the present findings,
in that those models depict as single-stranded large stretches of sequences
we find to be nuclease-resistant. Analysis of the pléb stem has thus
allowed assignment of a particular secondary structure to a sequence for
which numerous configurations were possible. While we cannot exclude the
possibility that some pl6 terminal regions might exist in nuclease-labile
configurations, we have established that those termini which are nuclease-
resistant do exist predominantly as the structure shown in Fig 6.

The longest nuclease-resistant region of p23b is stem I. Most p23b
molecules probably do not have longer stems, because p23b-specific oligo-
nucleotide X, located 14 bases before stem I, is found in much less than a
molar yield in intact p23b rRNA.

None of the nuclease-resistant material from p23 or pl6, longer than 20
base pairs, contained sequences derived from the mature rRNA regions. Ap-
parently, then, ml6 and m23 rRNAs of E. coli, although possessing consider-
ahle secondary structure, do not contain lengthy duplexes which are stable
under the conditions employed here. It is interesting that the terminal
duplex of p23 does, however, continue into m23 sequences for 8 contiguous
base pairs. [While these experiments were in progress, Robertson and
Barany (27) presented evidence that some of the double-stranded RNA
molecules isolated from total cellular RNA of an RNase III- RNase P-
mutant strain correspond to rDNA sequences, flanking 16S rRNA, which could
produce stems.]

Absence of RNase III processing activity
A1l of the 32P-labeled rRNA species in the experiments described
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here were present in the form of pl6 and p23 molecules, because cells were
labeled after treatment with chloramphenicol, which blocks conversion of
p16 and p23 precursors into the mature ml6 and m23 species (1,4). If the
RNase III- strain studied here contained any functional residual RNase
111 activity, we would expect to find that some of the pl16 and p23 mole-
cules were pléa and p23a species which were produced by RNase III
cleavages, and which would give rise to short stems containing some
characteristic unique terminal Tl oligonucleotides. However, all the
nuclease-resistant, double-stranded stems isolated from p16 and p23 rRNA
of an RNase III- strain of E. coli contain the intact sequences at which
RNase III cleaves nascent rRNA transcripts, and none contains T1
oligonucleotides which would have resulted from RNase III cleavage. The
double-stranded RNAs seen in Fig. 3 range from about 10 to about 40 base
pairs in length. In this range no major band was terminated by an RNase
III cleavage; in particular, the largest stem from wild-type pl6a rRNA,
which would contain 23 base pairs, was not found, nor were its terminal
oligonucleotides detected in any pl16 material that was analyzed. Of the
minor bands which we did not analyse, all are present in amounts much less
than p16b stem IVb (see Fig. 3), which represents only 6% of the total pl6
stems (Table 3), hence the amount of RNase III-cleaved pl6a sequences in
rnc-105 strains can be no greater than about 5% of the total. A similar
upper limit can be set for the presence of p23a sequences in the p23b
material. Since cultures were labeled for 60 min (equivalent to 1
generation) and chased for 30 min, substantial nucleolytic processing, if
any, of the precursor rRNAs could have been completed. [The chlorampheni-
col treatment itself does not inhibit RNase III activity (4).7 We conclude
from this evidence that rnc-105 cells contain insignificant amounts of
RNase IIT rRNA processing activity, and that the pl6b and p23b precursor
rRNAs are formed from larger rRNA transcripts in such cells by the action
of other nucleases.

The data provide direct evidence that complementary sequences which
surround 165 or 23S sequences in E. coli ribosomal RNA transcripts, can
anneal, at least in vitro, to form double-stranded stems. The secondary
structure of the stems can be ascertained from their susceptibility to
nuclease digestion. These stems contain processing sites for RNase III,
the enzyme which in wild-type cells introduces the first endonucleolytic
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cuts into nascent rRNA transcripts. In cells lacking RNase III, pl6b ana
p23b ribosomal RNA precursors are formed which contain additional stem
sequences extending beyond the RNase III cleavage sites. These precursors
are probably generated by non-specific nucleolytic trimming of larger
species which were cleaved from nascent transcripts by other rRNA
processing endonucleases (4, 10). Like wild-type pl6a and p23a precursors,
however, pl16b and p23b rRNAs are converted in vivo to functional ml6 and
m23 rRNAs (see Refs. 4 and 28). Prior cleavage by RNase III is hence not
required for the maturation process which converts these slightly larger
than normal pl6b or p23b precursors into mature 16S and 23S rRNAs. The
viability of RNase III- strains thus results from their capacity to
produce pl6b and p23b precursor rRNAs which resemble wild-type pl6a and
p23a sufficiently to be recognized and processed to mature ml16 and m23
ribosomal RNAs.
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