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ABSTRACT An assay was developed to investigate the fate of
specific segments of 13-lactamase (bla) and ompA gene transcripts
in Escherichia coli. DNA probes cloned in bacteriophage M13
were treated with an. endonuclease capable of cleaving single-
stranded DNA, the fragments produced were annealed with total
cellular RNA, and the resultingRNADNA hybrids were subjected
to SI nuclease treatment and gel fractionation. By using this assay,
direct evidence was obtained for 3'-to-5' directionality in the decay
of the long-lived mRNA encoded by the ompA gene, and no pref-
erential stability was observed for translated versus untranslated
mRNA segments. In the case of bla mRNA, initial cleavage of the
full-length transcript was rate limiting, and no decay intermedi-
ates were detected. No difference in degradation rate was seen
for bla transcripts having variant 3' or 5' termini.

formation. with complementary RNA sequences are then frac-
tionated by gel electrophoresis. This procedure has made it
possible to determine the relative decay rates of different re-
gions of the transcript and thus to investigate possible direc-
tionality; and segmental specificity of the decay process.
We describe here experiments designed to elucidate the pat-

tern and kinetics of decay of two different mRNA species in E.
coli: (i) the RNA for the (&lactamase (bla) enzyme encoded by
a Tn3 transposon-derived gene and (ii) the RNA for the abun-
dant E. coli outer membrane protein II* (ompA). These RNA
transcripts are both monocistronic, have roughly the same size,
and encode proteins secreted through the bacterial cell inner
membrane.

The level of expression of a gene is, determined primarily by
three elements: the, rate of transcription, the stability of the
RNA transcript, and the efficiency oftranslation. In Escherichia
coli, the factors influencing the efficiencies oftranscription and
translation have been the subject ofconsiderable study, and the
enzymes and nucleic acid sequences involved in these processes
have been well characterized. It has been shown that the
strengths of promoters span at least two orders of magnitude
(1) and that translation rates can differ by as much as 10-fold
(2).
By contrast, the factors that determine mRNA stability are

not well understood. Almost nothing is known about the ini-
tiation sites of mRNA degradation; although a number of
RNases have been identified in E. coli (3), it is still unclear which
are primarily responsible for determining the rate of mRNA
decay in vivo.
A major barrier to the detailed study ofmRNA degradation

has been the lack of an adequate assay system. Typically, one
of three methods has been used to. monitor the rate ofdecay of
individual mRNA species. One assay, which yields a so-called
"functional half-life" ofa transcript, involves the pulse-labeling
of proteins synthesized after the inhibition of transcription (4).
Other methods are based on RNA blotting techniques or hy-
bridization of pulse-labeled RNA. to DNA fragments (5).

In order to investigate directly the factors that influence the
decay of mRNA, we have developed an assay based in part on
the method of Berk and Sharp (6). A uniformly radioactively
labeled single-stranded DNA probe complementary to an entire
transcript is digested with one of several endonucleases that
accomplish site-specific cleavage of single-stranded as well as
double-stranded DNA (7). After being annealed with total cel-
lular RNA, the fragmented probe is treated with S1 nuclease,
and those DNA fragments protected from digestion by hybrid

MATERIALS AND METHODS
Enzymes. S1 nuclease was obtained from Boehringer Mann-

heim; activity units are as defined by the supplier. DNase I free
of RNase activity was obtained from Worthington (DPRF
grade). Hae III endonuclease was purchased from New England
BioLabs.

Phage and Plasmid Constructions. Single-stranded probes
for mRNA were prepared by cloning of the complementary
DNA strand in the single-stranded bacteriophage vector
M13Goril (8), kindly provided by J. Kaguni. DNA fragments
cloned in this phage are stably maintained over many genera-
tions (J. Kaguni, personal communication). The plasmid pTU102,
a pSC101 derivative that contains an amber mutation in the
ompA gene ofE. coli (9), was the generous gift of U. Henning.
M13ompA was prepared by a multistep procedure. First, an
M13 construct containing the complement of the 3'-terminal
340 nucleotides (nt) of the ompA gene was made by insertion
at the Pvu II site of M13Goril of a 1. 83-kilobase (kb) BamHI
fragment from pTU102. Subsequently, a 1.78-kb BamHI frag-
ment from pTU102encoding the first 880 nt ofthemutant ompA
transcript was subcloned at the BamHI site of pBR322 (9, 10),
excised as part of an EcoRI/HinfI fragment, and then inserted
between the EcoRI and Pvu II sites ofthe aforementioned ompA
construct in M13. This procedure resulted in a noncontiguous
arrangement of the two subcloned portions of the ompA gene
in a single phage genome. M13bla was constructed by inserting
at the Pvu II site of Ml3Goril a 1.5-kb fragment of pBR322
containing the f-lactamase gene and bounded at one end by the
plasmid's unique Cla I site. The plasmid pJLS2010 was a dele-
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tion mutant ofpBR322 lacking the 650-base pair EcoRI/HincII
fragment that contains the tet promoter region.
RNA Isolation. Rifampicin (0,2 mg/ml) was added to a cul-

ture of E. coli strain C600 growing exponentially at 30'C,
thereby blocking any further initiation of transcription by RNA
polymerase. At selected time intervals, samples were with-
drawn from the culture and rapidly chilled on ice. The bacteria
were pelleted by centrifugation and lysed at 650C in 0.15 M
sucrose/0.01 M sodium acetate, pH 4.5/1% sodium dodecyl
sulfate. Total cellular RNA was recovered by extraction with hot
phenol (11). After treatment with RNase-free DNase I (100
units/mg of RNA) for 30 min at room temperature, the RNA
was extracted with phenol/chloroform, and precipitated with
ethanol. Samples were stored at -20'C in 20 mM sodium phos-
phate, pH 6.5/1 mM EDTA.

Preparation of Radioactive Single-Stranded Probe DNA.
Single-stranded phage DNA was uniformly labeled in vivo with
[32P]orthophosphate and extracted from the phage with phenol.
Its specific radioactivity was 1 x 106 dpm/,ug. Restriction
digestions of single-stranded'DNA (7) were performed over-
night at 370C in 6mM Tris!HCl, pH 7.6/6 mM MgCl2/0.5 mM
dithiothreitol/0. 1 mg of bovine serum albumin per ml, con-
taining Hae III (-4 units/pg of DNA).

Determination of mRNA Half-Life. Autoradiograms were
analyzed by densitometry. Rates of decay were calculated by
least-squares determination.of the slope of a plot of -ln(band
intensity) versus time. Errors were estimated from -the standard
deviation of the slope.

RESULTS
Analysis of lbla mRNA Decay by RNA Blotting. An expo-

nentially growing culture of E. coli carrying the plasmid
pJLS2010 was treated with rifampicin to block further initiation
of transcription, and total cellular RNA was isolated at 2-min
intervals. [pJLS2010 is a deletion mutant ofpBR322 lacking the
tet promoter region, so that all f&lactamase transcripts are in-
itiated from the promoter indigenous to the bla gene (12, 13). ]
RNA blot analysis using a probe for /3-lactamase mRNA sug-
gested the existence of multiple, unresolved transcripts decay-
ing uniformly with a half-life of about 3 min (Fig. 1 Left).

Analysis of bla mRNA Decay by Protection from S1 Nu-
clease. In order better to quantitate mRNA amounts and to re-
solve multiple transcripts, the decay of the ,B-lactamase mes-
sages was examined by a modification ofthe method of Berk and
Sharp (6). Total cellular RNA-isolated at time intervals after rif-
ampicin treatment was hybridized with uniformly radioactively
labeled single-stranded DNA complementary to the entire bla
transcript (Ml3bla). After thorough digestion with S1 nuclease,
the resistant, bla RNA-DNA hybrids were heated to 100°C and
then electrophoresed on a denaturing polyacrylamide gel. Au-
toradiography revealed three -3-lactamase transcripts about
1,000, 1,100, and 1,150 nt in length and of roughly equal abun-
dance (Fig. 1 Right). All three species decayed with approxi-
mately the same half-life as that observed in the-simple RNA
blot. In this experiment as well as those described below, the
RNADNA hybridization was performed under conditions of
DNA-excess and was allowed to proceed to completion, as dem-
onstrated by the fact that the band intensities were unaffected
by tripling the DNA input. These conditions are necessary to
ensure that the observed bands accurately reflect the popula-
tions of the various mRNA species present.

Analysis of bla mRNA Decay by Protection ofHae III Frag-
ments from SI Nuclease. In order to map the three ,-lactamase
transcripts and, more importantly, to assess whether different
segments ofthese transcripts display differing stabilities in vivo,
a novel method of analysis was devised. This method was similar
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FIG. 1. Decay of full-length bla mRNA. (Left) RNA blotting anal-
ysis. Total cellular RNA (25 pug) isolated 0, 2, 4, and 6 min after rif-
ampicin treatment of E. coli carrying the plasmid pJLS2010 was
treated with glyoxal (14) and fractionated.on a 1.5% agarose gel. The
RNA was blotted onto diazophenyl-thioetherwpaper (15) and probed
with nick-translated bla gene DNA. (Right) Si nuclease analysis. Total
cellulat RNA (6 pg) isolated as for Left was allowed to hybridize with
a 3- to 5-fold molar excess of uniformly radiolabeled intact M13bla
DNA in 30 ,ul of 0.04M sodium phosphate, pH 6.5/0.4M NaCl/0.4mM
EDTA/80% (vol/vol) formamide (4200, 3 hr). The hybridized sample
was treated with S1 nuclease (2 x 104 units) for 2 hr at 370C in 0.05
M sodium acetate, pH 4;5/0.28 M NaCl/2.5 mM ZnSO4. The reaction
was quenched by the addition of EDTA (4 mM) and extraction with
phenol/chlorofonn. After three precipitations with ethanol, the sam-
ple was denatured at 10000 in 0.5x TBE buffer/80% formamide and
fractionated by electrophoresis on a denaturing polyacrylamide gel
(4% acrylamide/40% urea/1x TBE) beside aHae II digest of M13bla
DNA, which served as a molecular size standard (calibration is in nt).
TBE buffer is 89 mM Tris borate, pH 8.0/2 mM EDTA.

to the S1 protection procedure described above, except that the
complementary single-stranded DNA was digested with Hae
III endonuclease (7) prior to hybridization. In this manner we
hoped to examine the decay of specific mRNA segments.

The results ofthis analysis are shown in Fig. 2 Left. Six bands
were observed. Two of these (267 and 80 nt long) correspond
to Hae Il-generated fragments mapping within the bla gene
(Fig. 3 Upper). A third strong band (432 nt) is attributable to
the common 5' end of the three f&lactamase transcripts, be-
ginning-at the initiation site for transcription (12, 13) and ending
at the first downstream Hae III site. The three remaining weak
bands (=200, 300, and 360 nt) reflect three distinct 3' ends of
the P3-lactamase messages, all extending from the last Hae III
site but differing with respect to the site oftermination of tran-
scription. The length of each transcript is consistent with ter-
mination at a site corresponding to a sequence (16) commonly
observed at sites of transcriptional termination in E. coli (i.e.,
a stem and loop structure followed by a briefrun ofU residues).
The structure of the DNA region encoding these transcripts is
-shown in Fig. 3 Upper.

Comparison of the bands for DNA fragments protected by
RNA isolated at.the moment ofrifampicin addition versus 2 min
later shows that most bands hardly diminished in intensity.
Presumably, this brief'delay in the onset of net decay of /3lac-
tamase mRNA is due to the completion of nascent transcripts
during the first minute or so (19) after the initiation of tran-
scription was blocked. From 2 to 6 min after rifampicin addition,
.albands diminished in intensity at the rate observed earlier for
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FIG. 2. Decay of bla mRNA seg-
ments. (Left) Transcripts from
pJLS2010. (Right) Transcripts from
pBR322. S1 nuclease analysis and
molecular size markers were as in Fig.
1 except that the M13bla DNA probe
was digested thoroughly with Hae III
endonuclease prior to hybridization
with total cellular RNA. In addition,
a second S1 nuclease treatment was
performed after ethanol precipitation
of the products of the first treatment.
The segment half-lives in min were
3.3 ± 0.4 (587 nt), 2.9 ± 0.1 (432 nt),
3.5 ± 0.2 (360 nt), 2.4 ± 0.2 (300 nt),
3.1 ± 0.1 (267 nt), 2.9 ± 0.6 (200 nt),
and 2.8 + 0.9 (80 nt).

the full-length mRNA. Such a decay pattern indicates that the
rate constant for degradation of bla mRNA decay intermediates
is at least as great as that for their formation, so that only seg-

ments of full-length messages were observed experimentally.
(It should be noted that the cleavage of a single phosphodiester
linkage within a particular segment of a mRNA molecule is
scored by this assay as the degradation of that segment; unless
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FIG. 3. Genetic maps. (Upper) bla gene transcriptional unit (12,13,
16). (Lower) ompA gene transcriptional unit (17, 18). Numbers refer to
the lengths of mRNA in nt. Solid bars define the translated portions
of these genes. P, promoter; T, terminator; *, Hae III endonuclease
cleavage site; o, BamHI cleavage site. Wavy lines represent tran-
scripts, and arrows indicate the 3' termini.

cleavage occurs near the end of the segment, the size of the
DNA fragment protected by the cleaved RNA is noticeably re-

duced.)
Despite differences in their 3' ends, all three /3-lactamase

transcripts of pJLS2010 were found to decay at the same rate.
To determine whether altering the site ofinitiation ofbla mRNA
would affect its half-life or pattern of decay, the experiments
were repeated with RNA from E. coli carrying the plasmid
pBR322. In this plasmid, transcription of the flactamase gene
is initiated at two sites, the natural bla gene promoter and a

second promoter mapping near the HindIII site and reading
away from the tet gene (12, 13). Consequently, six different /3-

lactamase transcripts were observed by virtue of the two pro-

moters and three terminators that define the bla transcriptional
unit in pBR322 (Fig. 3 Upper).
On the basis of both RNA blotting and SI nuclease analysis

using a full-length complementary probe, the half-life of (3-lac-

tamase messages initiated in the tet promoter region was iden-
tical to that of bla mRNA initiated at the natural bla gene pro-
moter (3 min). When the bla transcripts from pBR322 were

subjected to Si nuclease analysis with a complementary single-
stranded probe that had been cleaved with Hae III (Fig. 2
Right), an additional band (587 nt) was observed, corresponding
to a Hae III fragment encoding all but the first 54 nt of the 5'
end of transcripts initiated in the tet promoter region. This seg-
ment, which includes an extensive untranslated portion of 191
nt, decayed with the same 3-min half-life as the 5'-terminal frag-
ment ofmRNA beginning at the bla promoter. Thus, there was
no significant difference in the in vivo stability or manner of
decay of 3lactamase messages with different 5' ends. [The 5'
terminal segment containing the first 54 nt of bla transcripts
initiated in the tet promoter region was not detected. Presum-
ably, the 44-nt fragment of M13bla DNA protected by this seg-
ment was too small and too low in radioactivity to be visible
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under these experimental conditions. The origin of a faint band
(:340 nt), seen only for bla mRNA from pBR322 isolated at the
moment ofrifampicin addition (0 min), has yet to be identified.]

Analysis ofompA mRNA Decay. The transcripts ofthe ,f3lac-
tamase gene are representative of the class of E. coli mRNA
having a moderate half-life. With the rationale that the degra-
dation intermediates of a long-lived E. coli message might be
sufficiently stable to be detected, the decay of the ompA gene
transcript (17, 18) was examined. On the basis ofRNA blotting
(Fig. 4 Left), a half-life of 15 min was established for this tran-
script, 5 times longer than that for bla mRNA. To determine
whether the decay kinetics of this mRNA molecule would allow
an assessment of segmental specificity in its degradation, Si
nuclease analysis with a fragmented single-stranded probe was
performed.

The DNA sequence complementary to the ompA message
was cloned inM13Goril as two separate BamHI fragments. One
of these fragments contained the first =880 nucleotides of the
ompA transcript and included the only two Hae III sites within
the ompA gene; the other encoded the last 340 nt ofthe message
(Fig. 3 Lower). Total cellular RNA isolated from E. coli at time
intervals after rifampicin treatment was hybridized with
Ml3ompA DNA that had been radiolabeled and digested with
Hae III. After treatment with Si nuclease and gel electropho-
resis, four bands were detected by autoradiography (Fig. 4
Right). Two of these, 85 and 598 nt in length, correspond to a
Hae III fragment and a Hae III/BamHI fragment mapping
within the ompA gene (Fig. 3 Lower). The second largest frag-
ment ("340 nt) represents the 3' end of the transcript, begin-
ning at the internal BamHI site and ending in a short tract of
U residues following a stem and loop structure (17). The re-
maining fragment (-200 nt) corresponds to the 5' end of the
ompA message, beginning at the initiation site for transcription
(18) and ending at the first Hae III site.

Three conclusions may be drawn from the data in Fig. 4

0b

Right. First, there is a single ompA gene transcript in E. coli
defined by a unique promoter and a unique terminator. Second,
a heterogeneous population ofdegradation intermediates is ob-
served to accumulate, as evidenced by the fact that two seg-
ments (200 and 85 nt) exhibit longer half-lives than the full-
length message. Finally, the order of segment stability (200 nt
> 85 nt> 598 nt 340 nt) demonstrates that the 5' end of the
ompA message is the last portion to decay.

DISCUSSION
Both degradation from mRNA termini and endonucleolytic
cleavage have been suggested as possible mechanisms account-
ing for message decay in E. coli (5, 20-22). With the aim of
elucidating the role of specific nucleotide sequences in mRNA
degradation, we have developed an assay that permits direct
analysis of the relative rate of decay of different segments of a
transcript.

In the case of the bla gene transcripts encoded by pBR322,
all segments of a given message appeared to decay at the same
rate, a rate identical to that for the degradation of the entire
transcript. This result suggests that the decay of bla mRNA oc-
curs by an "all-or-nothing" mechanism in which there is no sig-
nificant accumulation of degradation intermediates. Evidently
the decay of these transcripts is limited by some initial rate-
determining step, and once this step occurs, rapid degradation
of the entire transcript ensues.

In contrast, despite the low rate ofinitial cleavage ofthe long-
lived ompA message, the subsequent steps in its degradation
occurred slowly enough to allow a heterogeneous population of
decay intermediates to accumulate. Consequently, differences
in the rates of segmental decay could be detected. The two 5'-
proximal segments ofthis transcript (200 and 85 nt) were nearly
twice as stable as the central (598 nt) and 3' (340 nt) segments.
This observation is most simply explained by a decay mecha-
nism involving a 3'-to-5' exoribonuclease (e.g., RNase II) that
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FIG. 4. Decay of ompA mRNA.
(Left)RNA blotting analysis. Total
cellularRNA (10 pg) isolated 0, 20,
40, 60, or 80 min after rifampicin
treatment was electrophoresed and
blotted as in Fig. 1 Left and then
probed with nick-translated ompA
DNA. A Hae Ill digest of M13bla
was used as a molecular size stan-
dard. (Right) Si nuclease analysis
with a fragmented probe. Total cel-
lular RNA isolated as in Left was
hybridized with radioactively la-
beled M13ompA DNA that had
been cleaved with Hae m endo-
nuclease. Otherwise, conditions
were as for Fig. 2. AHaem digest
of M13ompA DNA served as a mo-
lecular size standard and was elec-
trophoresed beside the Si nu-
clease-treated samples. The
segment half-lives in min were de-
termined to be 13 ± 3 (598 nt), 15
+ 2 (340 nt), 25 ± 2 (200 nt), and
21 ± 4 (85 nt).
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initiates either at the 3' terminus of the intact transcript or at
an internal site generated endonucleolytically near the 3' end
of the message. The molecular basis for the 5-fold greater sta-
bility of the ompA gene transcript compared to bla mRNA re-
mains to be elucidated.
The multiple promoters and terminators for the bla gene in

the pBR322 plasmid provide a convenient set of related tran-
scripts differing only in their termini. Interestingly, all six tran-
scripts encoding the 13-lactamase structural sequence had sim-
ilar half-lives; thus, message stability was not affected by
altering the site of initiation or termination of the transcript. If
mRNA stability is determined by structures located at the 5'
or 3' end of the transcript, there must be little sequence spec-
ificity in this process.

Significantly, no difference in the stabilities oftranslated ver-
sus untranslated segments was observed with either the bla or
ompA gene. Thus, the absence of bound ribosomes at the un-
translated 5' and 3' termini appears to render these segments
no less stable than the translated portion of these transcripts.
Indeed, the most long-lived portion ofthe ompA message is the
200-nt 5' segment, of which only 30% is translated (Fig. 3
Lower). In contrast, studies of nonsense mutants of the trp op-
eron have indicated that premature release ofribosomes within
a protein-coding mRNA segment destabilizes the transcript
distal to the site of mutation (23).

Previously, it was established that the bla gene in the pBR322
plasmid is transcribed from two promoters, one indigenous to
the gene and one acquired in the construction of the plasmid
(12, 13). The present work demonstrates that termination of 13-
lactamase mRNA encoded by pBR322 also occurs at multiple
sites, only the first ofwhich is indigenous to the transposon Tn3,
from which the bla gene was originally derived. Consistent with
this interpretation is the presence of DNA sequences that can
form characteristic hairpin-loop RNA termination signals at the
locations postulated, on the basis ofthe length ofthe transcripts,
to contain the putative termination sites. It is unlikely that the
observed variation in length ofthe 3' ends ofthe bla transcripts
results from RNA processing. In such a case, one would expect
degradation of the longest 3' terminal segment to precede that
ofthe two shorter 3' termini. Instead, roughly the same half-life
was observed for all three ofthese 3' segments as well as for the
full-length transcripts from which they derived. We conclude
from these data that the indigenous bla gene transcriptional
terminator must be leaky, because more than half of the (3lac-
tamase transcripts extend beyond this site. This conclusion is
consistent with observations indicating that insertion ofTn3 can
turn on expression of genes adjacent to the bla gene end of the
transposon (24).
The steady-state concentration of a messenger RNA species

is determined by the ratio of its rates of synthesis and decay.
In the case of the bla gene, our analysis has permitted the dis-
section of these two components in a single experiment. The
degradation rates of the transcripts initiated at each of the two
bla promoters in pBR322 are equal. Consequently, the relative
strengths of these promoters can be assessed directly from the
steady-state amounts of these two classes of mRNA. By this
means we have determined that transcription from each ofthese
promoters in vivo is initiated at approximately the same rate,
a result that is in accord with previous in vitro studies (12).

The assay used in these studies should be broadly applicable
to the investigation of many aspects of RNA metabolism, in-
cluding transcription and processing. It has proven to be both
reliable and convenient. The use of a single-stranded DNA
probe avoids both the problem of competition between
DNA*DNA and RNA-DNA hybridization and the complication
of transcription from the opposite strand of the DNA template.

Fragmentation of the probe by endonuclease digestion allows
direct comparison of the fate of different transcript segments.
For purposes of quantitation, fluid hybridization and direct au-
toradiography of the gel appear to be superior to filter blotting
techniques for analysis of RNA. Furthermore, because of the
logarithmic nature ofthe decay process (4), the precision ofRNA
half-life determination is not compromised even by moderate
variability of gel band intensities.

Although in these studies we have relied on the availability
of suitably located Hae III endonuclease cleavage sites, alter-
native approaches can be employed. For example, other re-
striction endonucleases have been shown to cleave single-
stranded DNA (7) and RNA-DNA hybrids (25). Alternatively,
genes can be fragmented by endonuclease digestion, and the
gene segments can be subcloned in phage M13 (as was here
done with the ompA gene), thereby allowing any restriction site
to serve as the terminus ofa probe for a specificmRNA segment.
The same end can be achieved ifforeign DNA fragments show-
ing no complementarity to the cellular RNA under study are
inserted at intragenic endonuclease cleavage sites offull-length
probes already cloned in M13.
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