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ABSTRACT

A gel sequencing method has been applied to two 5' end-
labelled fragments of the 16S ribosomal RNA from E. coli. The
procedure involves partial enzymatic hydrolysis by ribonucleases
T , U or A, in order to generate series of end-labelled sub-
fdagmints terminating in guanine, adenine, or pyrimidine re-
sidues, respectively. The two fragments concerned were approxi-
mately 75 and 90 nucleotides in length, and both arose from the
3' region of the 16S RNA. The sequences deduced are compared
with the published sequence of 16S RNA, and contribute informa-
tion to the final ordering of the ribonuclease T1 oligonucleo-
tides in the latter, as well as revealing some probable errors.

INTRODUCTION

The application of high-resolution polyacrylamide gel

electrophoresis has revolutionized nucleic acid sequencing

technology. Up to now this new approach has been applied mostly

to the sequencing of DNA, based either on the "copying" method

of Sanger and Coulson (1), or on the method of chemical degra-
dation of 32P end-labelled DNA developed by Maxam and Gilbert

(2). In the case of RNA, an elegant copying method involving
reverse transcriptase was recently published by Brownlee and

Cartwright (3), but the most direct approach relies simply on

partial degradation by different endonucleases with an end-

labelled RIA molecule as substrate, in order to generate series

of labelled sub-fragments each terminating in a known nucleo-

tide. This method has been used with oligonucleotides by Gupta
and Randerath (4), and has more recently been applied to the

sequencing of yeast 5.8 S RNA (5) and a tRNA from B. stearo-

thermophilus (6). In both these latter cases, a 5' end-labelled

RNA substrate was used, and the partial digestion products were
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separated by polyacrylamide gel electrophoresis, the sequence

being subsequently read off from the gel.

The experiments of Donis-Keller et al (5) involved hydro-

lysis with ribonucleases U2 and T1, to localize adenine and

guanine residues respectively, the number of intervening pyri-

midine residues being deduced from a partial alkaline hydro-

lysis, which gave a "ladder" of degradation products with a

cleavage at every base. Simoncsits and Brownlee (6) used ribo-

nuclease A and ribonuclease I from Physarum polycephalum (7)

in addition to ribonucleases T1 and U2, and a "ladder" was

generated by heating the RNA in formamide; ribonuclease A is

specific for pyrimidines, whereas the P. polycephalum enzyme

cleaves at every base except cytosine (8). We have been simul-

taneously developing a very similar sequencing method, using

ribonucleases A, U2 and T1, with a view to helping the comple-

tion of the sequence of 16S ribosomal RNA from E. coli. While

our method does not distinguish between pyrimidines, it gives

(as was also pointed out by Donis-Keller et al, (5)) sufficient

information to complete the ordering of T1-oligonucleotides ob-

tained from conventional sequencing experiments.

A partial sequence of 16S RNA was first published in 1972

by Ehresmann et al (9), and a substantially revised and im-

proved version appeared in 1975 (10). Almost 25 % of the ribo-

nuclease T1 digestion products were still not finally ordered

within this revised sequence, although progress has subsequent-

ly been made (C. Ehresmann, personal communication). It is

precisely at this last difficult stage in sequencing of a long

RNA molecule that a gel method of the type just described could

be most usefully applied. Furthermore, during the course of our

research into RNA-protein interactions within the E. coli 30S

ribosome, we have accumulated a catalogue of reproducibly ob-

tainable and highly specific RNA fragments from known regions

of the 16S molecule (11,12), several of which would be ideal

substrates for this sequencing method. In this paper, we pre-

sent sequence data obtained in this manner, from two such frag-

ments approximately 75 and 90 nucleotides in length, arising

from t,he 3'-half of the 16S RNA molecule.
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MATERIALS AND METHODS

Isolation of RNA fragments

Ammonium chloride washed 30S ribosomal subunits from E.

coli MRE 600 were prepared as described (13), and were labelled

in the RNA moiety with 3H-uridine to a specific activity of

5 x 106 counts/min/mg. The subunits (ca. 2 mg) were hydrolysed

with ribonuclease T1 in the presence of 2 M urea exactly as

described previously (11), and the hydrolysis products were

separated by electrophoresis on a 5 % polyacrylamide gel at

pH 6 (14). The gel was sliced and analysed for 3H-radioactivity,
and gel slices containing ribonucleoprotein fragment "III" (11)

or the small RNA fragment "Al" (12) were subjected to a second

electrophoresis step on gels of 7 % or 10 % polyacrylamide,

respectively, together with 7 M urea and 0.1 % dodecyl sulphate.

After electrophoresis, these gels were sliced and analysed for

3H-radioactivity, and appropriate RNA bands were extracted with

phenol exactly as described (11,12), with the exception that no

carrier RNA was added. The isolated RNA fragments were preci-

pitated with ethanol, taken up in 50 mM Tris-HCl pH 7.8, 1 mM

EDTA, 6 mM 2-mercaptoethanol, and stored at -80° until required.

5'-end-labelling of RNA fragments

The fragments were labelled using a slight modification of

the procedure of Maxam & Gilbert (2), as follows. An aliquot

(20 4) of the appropriate RNA fragment solution at a concentra-

tion of ca. 5 jM was made 0.1 mM in spermidine and heated to

90° for 5 min., then rapidly cooled. This solution was added to

a previously lyophilized sample of y32P-labelled ATP (20 4Ci,
specific activity 2500 Ci/mmol, Amersham, UK) and the concentra-

tion of ATP was adjusted to 5 jM by addition of a suitable

amount of unlabelled ATP. The solution was made 10 mM in mag-

nesium, and then incubated at 370 for 30 min with 3-5 units of

polynucleotide kinase (15).
The labelled fragments were purified by electrophoresis on

a 20 % polyacrylamide gel 40 cm long and 0.25 cm thick, using
the buffer system of Maxam & Gilbert (2), the gel being allowed

to run until a xylene cyanol marker had run 40 cm. The RNA

bands were localised by autoradiography, and appropriate parts
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of the gel were then sliced and analysed for radioactivity; RNA

was extracted from the gel slices in the presence of phenol as

described above, and the 5'-labelled products were stored under

ethanol until required.

Sequence analysis

Aliquots of 5'-labelled RNA (ca. 200,000 counts/min) were

centrifuged off, washed with ethanol and dried under vacuum.

The pellet was dissolved in an appropriate volume (ca. 0.5 ml)

of a solution containing 1 mM EDTA and 1 mg/ml unlabelled

carrier RNA, and the solution was divided into three equal

portions. Two of these were made 10 mM in Tris-HCl pH 7.8 (for

hydrolysis with ribonucleases A or T1), and the third was made

3 mM in triethanolamine-acetate pH 4.5 (for hydrolysis *ith

ribonuclease U2). Each solution was heated to 90° for 5 min,

followed by rapid cooling, and was then divided into aliquots

of 10 41 for the enzymatic hydrolyses.

Normally, six different concentrations of each of the

three ribonucleases were used, covering the following ranges:

ribonuclease A, 0.005 - 0.5 gg/ml; ribonuclease U2, 0.1 -

10.0 jg/ml; ribonuclease T1, 1 - 100 units/ml. 2 4 of the

appropriate enzyme solution was added to each 10 pl1 RNA sample,

and the reaction mixtures were incubated at 37° for 1 hr. Next,

the samples were pooled in pairs, so that for each enzyme the

two lowest, the two middle, and the two highest enzyme concen-

trations were combined. The resulting nine samples (three for

each enzyme), together with a control sample minus enzyme, were

treated with an equal volume of 10 M urea solution containing

gel reservoir buffer, and were applied to a 20 % polyacrylamide

gel 40 cm long and 0.1 cm thick, according to Maxam and Gilbert

(2). Three or four duplicate gels were run for each sequence

analysis. The gels were run at 300 or 600 volts, until a xylene

cyanol blue marker had run respectively 15 cm, 30 cm, or the

equivalent of 45 cm or 60 cm. The gels were then covered with

parafilm and subjected to autoradiography.
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RESULTS

The RNA fragments selected for this study were firstly
"Band III, sub-fragment 5" (11), which is approximately 75
nucleotides long and is part of section K of the 16S RNA (10).
This is a region of the sequence in which about 50 % of the T1
oligonucleotides have not been finally ordered (10). The second
RNA substrate was fragment "Al" (12), which is approximately
90 nucleotides long and arises from section A of the 16S mole-
cule, a region which (in contrast to section K) is almost

completely sequenced (10). For convenience these RNA pieces
will be referred to as fragment "5" and fragment "A" respect-
ively in the ensuing discussion. Both fragments are obtained
by limited ribonuclease T1 digestion of intact 30S ribosomal
subunits, and they were isolated by the published procedures
(11, 12), with the exception that 30S subunits were used in
which the RNA moiety was labelled with 3H-uridine instead of

32P-orthophosphate. The isolation procedure is summarized
briefly in the Methods section.

Since the RNA fragments are internal products of a partial
ribonuclease T1 digest of 16S RNA, they have free 5'-hydroxyl
groups, and it follows that 5' end-labelling with y-32P-ATP
and polynucleotide kinase (15) could be achieved without prior

phosphatase treatment. This end-labelling was carried out as

described in the Methods section, and the reaction mixture was

purified by a long electrophoresis run on a 20 % polyacryl-
amide gel (2), which served the dual purpose of removing un-

reacted 32P-ATP and also of ensuring that the end-labelled

fragments were completely homogeneous. Autoradiographs and a

32P-profile of the 5'-labelled fragments on these gels are pre-
sented in Fig. 1, which shows that in both cases the RNA frag-
ment runs as a clean sharp band with very little contaminating
material. Appropriate gel fractions were homogenized and the

RNA extracted with phenol, for use in the sequencing experi-
ments.

For the sequence analysis, partial digests were made with

ribonuclease A, T1 and U2, to give series of end-labelled sub-

fragments terminating in pyrimidines, guanines and adenines,

respectively (cf. refs. 5, 6). In order to obtain a wide spec-
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Figure 1: Isolation of 5' end-labelled fragments "A" and "5".
The top part of the figure shows an autoradiograph of the two

fragments on a 20 % gel (Fragment "A" above, "5" below). Di-
rection of electrophoresis is from left to right. Fragment "A"
ran rather skew, as the slot containing this fragment was

rather near to the edge of the gel in this experiment. The
lower part of the diagram shows the radioactivity found in
fragment "5", after slicing the appropriate part of the gel.
(Fragment "A" was simply excised in this particular experiment,
with the help of the autoradiograph).

trum of hydrolysis products, several aliquots of RNA (mixed

with a standard amount of unlabelled carrier RNA) were digest-

ed with a range of concentrations of each enzyme, as detailed

in the Methods section. Before adding enzyme, the reaction

mixtures were heated briefly to 950, to randomize the second-

ary structure as far as possible. Hydrolsed samples were com-

bined in pairs (see Methods section) and loaded onto 20 %

polyacrylamide gels (2), together with a control sample minus

enzyme. Triplicate or quadruplicate sets of samples were

prepared in each case, and these were run on separate gels for

different times in order to obtain optimal separations of the

various degradation products. Subsequently the gels were auto-
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Figure 2: Sequence analysis of fragment "A" on 20% gels.

Thw first column shows a control slot minus enzyme, and the
subsequent columns are sets of three hydrolysates (ribonucl-
ease A, U2 or Ti as indicated) from gels run for different
times (see Methods section). Direction of electrophoresis is
from top to bottom, and the sequence is read (5' to 3') from
the bottom of the gel. The sequence read off each gel is ind-
icated (Y denotes pyrimidine), and the arrows give a point of
reference showing how each sequence overlaps that of the next
gel.
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radiographed, and typical results are presented in Figs. 2 and

4. The fact that the RNA fragments were uniformly labelled with

tritium (in order to facilitate the first stages of their iso-

lation) does not of course affect the autoradiographic analy-

sis of the 32p end-labelled degradation products. Gels only
1 mm thick were used, in order to increase the sensitivity of
the autoradiography.

Fig. 2 shows autoradiographs of four gels obtained from

fragment "A". In each case adjacent gel slots showing the best

patterns of sub-fragments produced by the various concentra-

tions of the three enzymes have been selected, together with a

control slot (minus enzyme), which shows that no spurious

breakdown of the sample has occurred. The sequence which can

be read off from the autoradiographs, in terms of adenine,

guanine or pyrimidine residues (the latter denoted by the let-
ter Y), is indicated. The sequence from each gel overlaps that

of the next, and suitable "marker" nucleotides are indicated
by arrows on Fig. 2, to make the positions of these overlaps

clear.
It is clear that there are occasional "gaps" in the sequ-

ence (Fig. 2), and in order to establish the positions of

these, as well as the number of residues missing in each gap,

the sequence data were plotted on a graph (Fig. 3). Here the

number of residues is plotted (on a logarithmic scale) against

the mobility of each sub-fragment for each of the four gels.
Since oligonucleotides of less than about ten residues cannot

be read because they do not run according to chain-length on

20 % gels (2), we have arbitrarily assigned a chain-length of

25 to the oligonucleotide running at the same position as a

xylene cyanol marker (cf. ref. 5) in order to plot this graph.
This figure may of course be one or two nucleotides in error,
but this affects neither the deduction of the sequence nor the

linearity of the data, which fit reasonably well to a straight
line in each case, with the positions of the gaps being clear-

ly visible.

Similar results from fragment "5", in this case from
three gels instead of four, are presented in an identical man-

ner in Figs. 4 and 5, and the combined sequence data obtained
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.Figure 3: Logarithmic plot of sequence data from Fig. 2.

Chain length is plotted against distance migrated for each of
the gels in Fig. 2, assuming that the position of a xylene
cyanol marker corresponds to a chain length of 25 residues
(see text). The positions and numbers of "gaps" in the sequ-
ence are indicated by dashes, the dotted lines corresponding
to the arrows in Fig. 2. No scale is given on the abscissa,
as each set of points has for convenience been moved to left
or right so as to save space on the diagram.
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Figure 4: Sequence analysis of fragment "5" on 20% gels.

The first column shows a control slot minus enzyme, and the
subsequent columns are sets of three hydrolysates as in Fig. 2.
In this case only three gels were run, the longest of the usual
four runs being omitted. The sequence is denoted as in Fig. 2.
(Some very faint bands in the ribonuclease A slot are not vis-
ible in the photograph, but could be seen on the original aut-
oradiograph).
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Figure 5: Logarithmic plot of sequence data from Fig. 4.

See legend to Fig. 3 for explanation. (There is a discrepancy
of one base between the upper part of the first gel and the
lower part of the second gel, in the region between the two
dotted lines; the sequence from the second gel is taken as
correct, being better resolved in this region).

from these experiments are shown in Fig. 6. In the case of

fragment "5", a total of 62 bases could be read, starting from

approximately the 12th residue, and continuing to the 3'-end
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of the fragment, which is presumed to terminate in a guanine.
This gives an excellent agreement with the estimated chain
length of 75 for this fragment. In the case of fragment "A",
66 bases were read, starting from approximately the 10th res-
idue, andit is clear from Fig. 2 that there are several bases
between the last G-G-G-G sequence read and the 3'-terminus of
the fragment, again giving a reasonable agreement with the
estimated chain length of 90. For both fragments, the sequence
deduced was reproducible in three independent experiments.

DISCUSSION

Fig. 6 compares the data which we have obtained here with
the published sequences of the appropriate regions of 16S RNA
(sections K and A (10)). In the case of fragment "A", there is
a long stretch of 33 residues, starting with the C-A-A-A-A-G
sequence in the middle of the region indicated, which is in
complete agreement with the published sequence. The data also
serve to show that the unlocated C-G dinucleotide cannot be in
the left-hand position (between U-A-G and C-U-U-A-A-C-C-U-U-
C-G), of the two possibilities suggested for it. However, on
either side of this 33-nucleotide region, the agreement with
the published sequence is poor. At the 3'-end, it may be that
resolution has been lost on our fourth gel (Figs. 2 and 3) at

the extreme high molecular weight end, although it is diffi-
cult to reconcile the "ladder" of four guanine residues (very
clearly visible on a shorter exposure of the gel) near the

3'-end of the sequence (Fig. 2) with this conclusion. Further
work will obviously be necessary to resolve this point.

On the other hand, at the 5'-end of the 33-nucleotide

region there is a clear discrepancy with the published sequ-
ence (10). Although the U-G adjacent to the C-A-A-A-A-G se-

quence would fit our data, the best fit seems to be several

nucleotides further to the 5'-end, as indicated by the lines
drawn in Fig. 6. While it must be remembered that sequences of
less than about 10 residues in length cannot be accurately
read from 20 % gels (2), this region is in the 15-20 nucleo-
tide range, which is reliable (cf. ref. 5, and cf. the sequ-
ence of fragment "5" discussed below). At all events there is
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no sign in our results of the intervening A-U-A-U-U-C-G sequ-

ence (underlined in Fig. 6). This latter oligonucleotide was

written as A-U-A-U-U-G in the 1972 sequence (9), but according

to Uchida et al (16) it is A-U-U-C-A-U-G, and Ehresmann et al

(personal communication) now agree with this latter sequence.

It is possible that an error in the sequencing of this oligo-

nucleotide could have led to a false ordering of the other

T1 oligonucleotides in this region (compare the 1972 sequence

(9), which is included in Fig. 6), if the ordering was based

on a partial ribonuclease A digestion product purporting to

originate from the middle of this oligonucleotide (10). Again,

further work will be necessary to resolve this problem.

In the case of fragment "5", there is a stretch of 25

residues which are in complete agreement with the published

sequence (10), starting with the long T1 oligonucleotide

C-A-A-C-C-C... (Fig. 6). Further towards the 5'-end there is

an A-G which fits, although the intervening Y-G dinucleotide

cannot be accounted for. At the 3'-end of the 25-nucleotide

stretch, our data enable the T1 oligonucleotides from this

partially sequenced region to be ordered; it is clear that the

U-C-C-G sequence comes first, followed by C-C-G, with two

single guanine residues interspersed. Next comes the 21-nucle-

otide sequence starting with G-G-G-A-A-C, with which our data

are in good agreement, apart from one G residue missing at the

beginning, and one A residue missing from the middle of the

region. The C-C-A-G sequence cannot be placed, but it could

correspond to the Y-A-G sequence at the 3'-end of our fragment

if resolution between the two pyrimidine residues was lost on

our gel (Fig. 4). The last two bases at the extreme 3'-end of

our fragment could also correspond to the U-G dinucleotide

which Ehresmann et al (10) find in this region. Recently

Ehresmann et al (personal communication) have been able to

order this part of the 16S sequence, and their latest results

are in complete agreement with our data for fragment "5" as

presented in Fig. 6, with the exceptions of the Y-G dinucleo-

tide at the 5'-end of our sequence (already mentioned) and the

A-G (also already mentioned, and underlined in Fig. 6), for

which we find only a guanine residue.
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The number of artefacts observed in our experiments is

acceptably low, the most common being "overcutting" by ribo-

nuclease U2 at guanine residues (see Figs. 2, 4 and 6, and

cf. ref. 6). The "gaps" in the sequence appear to occur ex-

clusively at pyrimidine positions, but despite this tendency,

ribonuclease A does contribute significant positive inform-

ation to the sequence in our hands. This is in contrast to the

results of Donis-Keller et al (5), who found that ribonuclease

A was too sequence specific to generate useful partial digest-

ion products, although Simoncsits and Brownlee (6) did not

have this difficulty. The very fact that ribonuclease A tends

to give a few rather strong bands makes it important to in-

clude a ribonuclease A hydrolysis. This guards against the

danger of artefacts, which could otherwise be easily intro-

duced by even a very minor ribonuclease A contamination of the

other enzymes or of the RNA substrate itself. The result of

such a contamination would be that a pyrimidine could be mis-

read as a guanine or adenine, and two such artefacts can be

seen in Fig. 4 (cf. Fig. 6, fragment "5"). The combination of

a ribonuclease A digest and a chemical hydrolysis to give a

"ladder" as used by Simoncsits and Brownlee (6) is almost

certainly the best solution at the present time.

At all events, it is clear that this sequencing method, or

variations of it, will prove very useful in completing the

analysis of the ribosomal RNA molecules. Preliminary data,

covering a total of a further 150 nucleotides, have already

been obtained in a similar way with a number of other frag-

ments of the 16S RNA (Ross and Brimacombe, unpublished data).

Note added:

In a further personal communication, Ehresmann et al

now find that their sequence in the region of the 5'-end of

our fragment "A" (see Fig. 6) is in agreement with our data.
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